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ABSTRACT 


The primary objective was io obtain and evaluate experimental data of the basic thermal phe- 
nomena associated with the nuclear and thermonuclear explosions detonated between 5 May and 
22 July 1956 at the Pacific Proving Grounds (PPG). The phenoniena of interes were those of 
Significance in the prediction of the thermal radiant exposure and irradiance at a polat in space 
as a result of a surface or jow-altitude nuclear explosion. 

An array of suitable instrumentation was placed in each of four aircraft for data acquisition 
from medium and high altitudes over the point of detenatfon. Records of radiant exposure and 
irradiance were obtained from calorimeters and radiometers aimed directly at the fireball, 
aimed toward the water underneath the aircraft (albedo study), and aimed away from the fire- 
ball (backscatter siudy). Filters wer used with many of these thermal instruments, yielding 
data covering various parts of the visible and near-infrared spectrum. Spectral data from the 
detonation was obtained with modified N-9 gun si¢ht aiming point cameras employing an Air 
Force Cambridge Research Center spectroscopic nosepiece; photegraphic records were secured 
by similar cameras aimed at the detonation site or its environment. 

Thermal and photographic data for 10 events and spectral da‘a for 11 events were analyzed. 

The thermal records reaffirm the reduced transmission of radiant energy in the near infra- 
red because of absorption by water vapor and carbon dioxide. 

An equation tor predicting the radiant exposure on a horizontal surface and ita modification 
to a surface orlented n rma! to the fireball (Reference 1) was tested against the collected data 
and was fouid to satisfactorily predict the radiant exposure. A simplified equation is alzo pre- 
sented and tested against the data. The uniform meteorological conditions uccompanying these 
teats allow the use o: the simpler equation. 

Comparison between the air drop event (Cherokee) and a barge shot of similar yield (Zuni) 
indicated no significant differences in the irradiances or radiant exposures measured at the 
aircraft. 

Measurements of the backscattered radiztion, where avatiable, were found to be two or 
three orders of magnitude lower than the radiant energy received directiy from the fireball, 
with the exception of a aingle instrument reading on a aingle event on which the B-52 flying in 
severe cloud conditions measured 50-percent backscatter into the cockpit. 

The spectral histories of all events appear quite similar, regardless of the yield; a large 
amount of NO, is formed quite early and persists throughout the entire event. 

The photographic records from cameras having various fieids of view were taker at 64 
frames/sec on 16-mm high-resolution emulsions, from aircraft at slant ranges on the order 
of several ktlometera from surface z“ro. Each record covers the entire thermal pulse. The 
cameras were paired utilizing infrared (0.70 to 0.90 micron) and blue (0.35 to 0.45 micron), 
and linearly polarized (vertical and sorizontal, 0.40 to 0.70 micron) [Uter systems. The pri- 
mary intensity inform tion was gained from microdensitometer traces of each negative strip; 
further information came from size measurements on the film and from qualitative observation 
of the developing phenomena. 

Such ancillary features as the Wilson cloud, plume, and bright spots appearing near shock 
wave breakaway were found to perturb the thermal output by lesa than 15 percent. ‘The air 
shock appears to :ttenuate the blue light; the shocked volume ia visible in the infre:ed because 
of scattering from the denger air. Mo polarization phenomena, other than the expected differ- 
ence in specular scattering from the undisturbed ocean surface, were resolved. 

I was found that an attenuating mantle /sbsorption shell} surrounds the fireball from after 
breakaway uniil the end of the thermal pul: e. Thia shell develops to a thickness of about a 
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reflected from the unshocked water agurface, for the typical moist atmospheric conditions at the 
PPG. This aureoic is white and unpolarized. The shock-froth albedo is about 12 times the ua- 
shocked water albedo. Ingenerel, the total red Ught reflected or scattered into the typiecul 
camera tields of view— from aureole, clouds, and water — was about equal to the direct flux 
from the fireball. Most of this was scattered from the shock-frothed water, The blue albedo 
was lower, presumably because of the air shock attenuation. Furthermove, the blue fireball 
showed consiterably mere limb darkening. 

Both air chock and fireball dimensions were found to obey the predicted scaling laws. There 
is evidence that the fireball surface temperature is not symmetric with azimuth in some cases, 
as the thermal flux appears higher from certain (large) regions. 

Reprouuctions of several series of photograpiis containing different views of Shot Dakota 
(1.1 Mt) are presented, 28 well as a typical series for each of the other ¢-tonations hiving 
photographic coverage; the photographs are discusued. 

Suggestions for the further analysis of exisiing data and for improved data acquisition froin 
futur: .esta are presented. 
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FOREWORD 


‘This report presents the final results of one of the projects participating io the military. effect 
programs ot Operation Redwing. Overall information about this and the other military-effect 
projects can be oablained from WT- 1344, the “Summary Report of the Commander, Task Unit 
3.” This technical summary includes: (1) tables listing each detonation with its yield, type, 
environment, meteorological conditions, ete.; (2) maps showing shot lucations; (3) discussions 
of results by programs; (4) sammaries of objectives, procedures, results, ete., for all projects; 
and (5) a listing of project reports fur the rilitary-  ifect programs, 
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&.233 through A.251, Shot Dakota, Series 36299 -~--------- Te ee 294 


A.252 through A.256, Shot Dekota, Series 38300 -~----~ 0. ----- nee ven nen 903 
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Chapter 1 


INTRODUCTION 


In the definition of the capabilities of present-day high-perforn -nce aircraft to deliver nuclear 
weapons of high yield, thermal radiation appears to be the limicing criterion. In order to pre- 
dict the thermal effects of a n clear eaplosion on aircrait structures, it is first necessary to 
be able to predict the intensity, wavelength distribution, and time irradiancy relationship of 
the thermal radiation incident upon critical surfaces, which may have any orientation and loca- 
‘jon in space. 


1.1 OB ECTIVES 


The primary objective was to obtain and evaluate experimental data of the basic thermal 
phenomena associated with the nuclear and thermonuclear explosions detonated between 5 May 
and 22 July 1956 at the Pacific Proving Grounds (PPG). This data was to be obtained from 
airborne instrumentation. 

The phenomena of interest were those of significance in the prediction of the thermal radiant 
exposure and irradiance at 2 point in Space asa result of a nuclear explosion. 

The phenomena included: (1) fireball geometry, including size, shape, and rate of rise; 

(2) fireball characteristics as a thermal-energy source, including blick-body quality, emis- 

sivity, and color temperature; (3) albedo effects of the sarth’s surface and of clouds; (4) effects 

of shadowing of the earth's reflecting surface (decrease in effective albedo at smaller angles of 
incidence because of surface roughness) and the obscuration by the Hreball; (5) degree to which 
the emitted thermal radiation is anisotropic; (6) effects due to scattering and avsorptk i as 
functions of wavelength; and (7) variation of the spect. ul distribution of the thermal energy in 
the visibl. region as a function of time from the first minimum to about 10 times the time to 
the second maximum. 


1.2 BACKGROUND AND THEORY 


With the advent of thermonuclear weapons, therimal radiant exposure became one of the 
limit'ng factors in the deliverv capability of aircraft. Inthe prel'minary estimate of thermal 
inputs to be received by the delivery airc: aft (Reference 1), many assumptions and approxima- 
tions were necessary because of lack of data and the difficulty of any analytical solution. Many 
Significant parameters can be iaveatigated adequately only at a nuviear test ope. ition, (Thes- 
parameters are listed as the objectives of this project.) 

Methuds used to predict the thermal radiant exposure received at a point in apace consider 
such parameters as fieball size, shape, rate of rise, and color temperatire. Additional fac - 
tors are the albedo effects of ck. ds and of the earth's surface, atmospheric effects of scatter~ 
ing and water vapor absorption, and variation of spectral distribution as a function of time, 
yield, and height of wrst, If these additional factors are neglected, the following equation for 
an airbursi is obtained (References 1 and 2): 
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W - weapon yield, KL 
d = distance between firebali centcr and receive:, ft 


In Reference 1, consideration of some of the above mentioned factors resulted in modifica- 
tions to the basic equation as folicws: 


Qe = Qy [Fy (Ty cos 6+ Ty 07) + Fig (THTw C08 6+ Ty Typyfa (1.2) 


Where: Qp = thermal radiant exposure on a horizontal receiver, cal/cm? 


Qn = thermal radiant exposure on a receiver oriented ncrmally to a radial from 
the fireball center ina vacuum, cal/cm? 


4 = fraction of the total thermal energy released in either the hemispherical or 
spherical fireball phase ,Figure 7 tn Reference 1) 


Fy = fraction of the total thermal energy in the visible regicn of the spectrum 
from 0.3 to 0.'7 micron 


Fim = fraction of tle total thermal energy in the infrared region in the explosion 
radiation spectrun: at wavelength greate than 0.7 micron 


cos 8 = cosine of the angle between the vertical through the firchball center and the 
siant range line 


Ty = fractional transmission due to scattering in the visible region for the direct 
radiation 


Ty =f ractional transmission dve to scattering in the visible region for the 
ground-reflected radiation 


Ty = fractional transmission due to scattering in the ‘aze layer over the entire 
spectrum for the direct radiation 


Ty = fractional transmission due to scattering in the haze layer over the entire 
spectrum of the explosion radiation for the reflected radiation 


Ty * fractional transmission in the infrared region of the explosion spectrum due 
to water vapor absorption of the direct radiation 


Ty ™*™ fractional transmission in the infrared region of the explosion spectrum due 
to water vapor abecrption of the reflected radiation 


p = average ground albedo (Table 5 in Reference 1) 


y ~ ratio of the ground-reflected anergy per unit area on a horizontal receiver 
to the direct exergy per unit area on a receiver oriented normally ic a 
radial from the fireball center at a particulsr point in space, in * vacuum, 
for untt albedo and for either a surface hemispherical or an air spherical 
firebaii (Tables 7 and 8 in Reference 1). 


Equation 1.1 wae devek ped as a r’asonably -alid analytical expression for treating all air, 
surface, and intermediate. height bursta with yields of 600 kt or leas. Although this equation 
seems to give resulis that are in better agreement 5 ‘th test fata than other methods, many 
parameters have received only cure>ry consideratio, In consequence, it waa determined that 
Atr Force Cambridge Research Center (AFCRC) participation during Operation Redwing was 
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desirabie. Conferences including representatives of WADC, NHUL, and AFCH(U estaplisned 
the test plan. It was agreed that the breakdown of responsiblities in this effort would be . 
follows: 

i. AKCRC would assume responsibility for the technical aspects of the basic thermal por- 
tion of the operation on four WADC aircraft (B-47, B-52, B-57, and B-66), and serve as tech- 
nical consultants to WADC and NRDL. Specifically, AFCRC, with asaistance from Edgerton, 
Germe: wusen and Grier, Inc. (EG&G), would determine correct film, filters, lenses, exposur 
times, and film-transfer rates. The seduced thermal data would be analyzed by AFCRC for 
information on the parameters outlined in the objectives of this project. 

2. WADC would provide funds for NRDL equipment and services, N-9 gun sigm aiming poi: 
(GSAP) cameras, recorders, amplifiers, and control circuits. The WADC contractors would 
install and flight-check the tnotrumentation. 

3. NRDL would supply the radiometers and calorimeters, make electrical and thermal 
caJ.b ‘ations before and after the test, and carry the data reduction through the tabulating, plot 
tiag, and correction phases. 

4. All agencies concerned would provide necessary personne} at the test site. 

Thus, the desired data would be available as results from the calorimetric, radiometric, 
photographic, and upectrographic recordin,s from each evert. 

R was expected that much of the information desired would be obtained from the film recorc 
of the GSAP cameras. From 20 to 35 cameras were utilized on each event, Some were filter 
to obtain fireball pictures in the blue portion of the spectrum (3,400 to 4,500 h) or in the red 
(6,800 to 8,800 A). Other camer -« were equipped with spectroscopic attachments developed at 
AFCRC to obtain spectral distribution information aa a function of time In the spectral region 
from 3,200 to 9,000 A. More detailed information of the instrumentation appears elxewhere in 
this report. 

Densitometric measurements of the fireball films would provide an Ulumination-vergua-are 
record of thermal radiation sources within the fields of view of the instrumentation, suppleme 
ing the spectrographic and calorimetric cata. 

Analysis of the spectral data would give information on color temperature. If the fireball i 
assumed to have black-body qualities, the spectral distribution of its radiant energy can be 
characterized by an effective color temperature, i.e., the temperature at which the relative 
intensity, asa function of wavelength, i# distributed according to Planck’s law of radiation. 

Planck’s law of radiation can be approximated by Wein’s formula when \T << 3,000 micror 
degrees, as folluws: 


log IA® = (— 0.4343 c/AT) + log K (1.3) 
Where: J = intensity of radiation per unit waveiength 
A = wavelength, microns 
T = temperature, °K 
c = 1.4385 x 104 micron degroes 
K = aconstant, the numeri: al v. iue of which depends on the units of I and >’. 


Hf intensity measurements are corrected for absorption of the air by extrapolation to zero 
distance, they should follow the above law. Therefore, a straight-line fit to a plot of 
0.4343 c/A versus log 1° atx id have a slope equal to —1/T. 
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Chapter 2 


PROCEDURE 


2.1 OPERATIONS 


The two-atoill (Bikini and Eniwetok) arrangement at the PPG and the wide vartation of weapon 
ylelds compounded the problem of properly instrumenting each aircraft for each event of the 
operation. 


2.1.1 Thermal Measurements. Aircraft positions were obtained from the individuai projects 
as soon as possible. Instrument-sensitivity selectiona were made utilizing a combin :tion of ex- 
trapolation of Operation Castle data and the method of Refevence 1, as reduced to a romograph 
form for Operation Redwing (Reference 3). The NRDL personnel furnished the instruments to 
the individual contractor for installation and accomplished the preflight electrical calibrations. 
After the event, the individual contractor performed initial data reduction. 


2.1.2 Photographic Coverage. Followtng the establishment of aircraft positions, a detailed 
photographic pian was accomplished. Some variations of the basic camera configuration were 
made to take advantage of aircraft positions. Films, lenses, filters, camera speeds, and aper- 
ture settings were selected. Film requirements were given to Task Unit 5, which assisted in 
the fieid effort by providing loaded magazines, processing exposed film, repairing damaged 
cameras, and serviry in a consultative capacity. Cameras were prepared and furnished to the 
individual contractor for installation. Installation was accomplished on the evening of D-—1! day 
or the morning of D-day. After the event, the film was returned to Task Unit 5 for processing. 
The film was reviewed by project perscnnel for qualitative analysis of results. Films were 
then returned to the continental United Ziates for further processing and ana' ysis. 


2.2 PLANNED SHOT PARTICIP#') 20m 


The coverage of basic thermal mzaz:.#snents from aircraft was quite extensive in the num- 
ber of aircraft involved, the numbe of ivxtruments per aircraft, and the number of events in 
which the aircraft participated. 

Participation was planned for every eveni in which any of the four aircraft carrying Project 
5.7 instrumentation participated, although in several cases the aircraft were positione J for other 
than therimal effecte. The planned participation for the operation is given in Table 2.1, and the 
event statistics are given in Table 2.2. 

Partial instrumentation for a backup ground station was planned to cover all events, except 
Shote Yuma and Osage. 


2.3 INSTRUMENTATION 


Twenty-one channels of thermal information were recorded on each aircraft. In addition, 
the B-47 and the B-52 were instrumented to measure the thermal radiation that would be back- 
scattered to the cockpit. This instrumentation ia discussed Jater tn this report. 

Sighteen channels recorded the outputs of sensors lo: atid in the tail section of each aircraft 
(Sation 1, Ficuie 2.1). These sensors were preset on the ground to point at the fireball during 
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Surface. Each one of these sensors was fashloned with a hemispherical filter that had a 160° 
field of view. Two of these filters were of quartz, which tranamits nearly ali of the spectrum 
{essentially 0.2 to 4.5 microns), and the other was cf red Jena glass, which transmits princt- 
pally in the ‘nfrared (0.7 to 2.5 microns). Because of the proximity of these instruments to 
each other and to other obstructions, one of the quartz 160° filters on each aircraft was re- 
placed, for the last few events, with a 00° filter. This was accomplished to assist in the eval- 
uation of effects of obstructions within the (ield of view of the tirtruments. In the case of the 
B-57, it was possible to add the 90° instrument without removin; a 140° instrument. 

Each of ihe aircraft carried some adiitional thermal instrumentation that was not provided 
for within the scope of Project 5.7. This instrumentation consisted of two thermal sensors 
located within the radome of each aircraft. The B-47 also had ac lorimeter oriented at right 
angles to the seasors in Station 1 and another mounted vertically in the left rear horizontal 
stabilizer. 

In addition to the thermai sensors, N-9 GSAP cameras were used in these two siat ons in 
each aircraft. Two cameras were located in the lower fuselage (Station 2) with the same orien- 
tation as the three therma! sensors. These had a iarge field of view and obtained photographs 
of the albedo surface. Six cameras were located inthe tail instrumentation section (Station 1) 
of each aircraft and were pointed at the fireball. Four of these were of primary interest and 
were fitted with red and blue filters to obtain photographs inthe spectral regions of 0.34 to 0.45 
and 0.68 io 0.88 micron. Lenses were seiected to obtain as large a fireball image as possible 
but with some conservatiam because of the pointing errors that it was reasonable to expect. In 
the case of the B-57 and the B-66, two of the four cameras were equipped with the spectroscopi 
attachment. The purpoae of the other two cameras was tov provide information, in the fleld, of 
the aircraft orientation with respect to the firebali. Although these cameras were the resapen- 
sibility of the individual aircraft project, the flim was of value to this project. Arrangements 
were made for AFCRC to be provided with the original negatives and with prints of those ftims. 

In addition io the cameras trcluded here in the basic instrumentation, there were other cam- 
eras, on three aircraft, which were Incorporated aa the wroject progressed, These included 
one camera in the backscatter mount on the 8-47 (Station 3), two additio:al cameras cn the 
B-52 in the canera housing aft of the cockpit (Station 4), and four to six additionai cameras on 
the B-66 in Station 2. The additional cameras on the B-47 and B-52 were installed to provide 
photographic coverage of the thermal backscatter instrumentation. The additional camera 
mounts that became available on the B-86 were utilized to provide additional coverage between 
the directions of the radiai to the fireball, and vertically down. Information on the additional 
cameras is furnished later. 

More detailed information of the basic instrumentation in Stations 1 and 2, incluciing fleld- 
of-view and filtering information, ia given in Table 2.3. In some instances, more than one 
instrument ha‘ the same field of view and filter in order to cover a senaitivity range. 


2.3.1 Rac ometers and Calorimeters. The calorimeters and radiometers were furnished 
by NRDL in several sensitivity ranges to cover ail anticipated input values. Calibratton of 
these instruments was accomplished by NRDL, before and after the operation, by the utiliza- 
tion of standard techniques. The installation was accomplished by the aircraft projets’ con- 
tractors, in each case, under the cognizance of NRDL and AFCRC. This information, with 
but one exception, was recorded on Consolidated recorders. The B 47 backsac. tter information 
was recorded on an Ampex 814 magnetic tape recerder. This resulted from the lack of oscil- 
lographic channels at the time the requirement for the backscatter meseurements arcse. The 
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2.3.2 Photographic. The N-9 GSAP cameras, supplied by WADC, had been modified by 
SG&G in accordance with criteria furnished by Cook Research Laboratory, These camer 
wave a focal plane and a 9.001-second shutter, employ i16-mm perforated film, and oper. . at 
64 frames/sec. The ; irpose of the modifications was to eliminate nonessential features that 
had been found to be the source of certain malfunctions. Personnel of EG&G checked all cam- 
eras for proper running condition and collimated the desired lenses with each camera; the 
camera speed was checked over a range of temperatures and battery voltage variations, and 
found to be within acceptable limits. It was found, however, that occastonally in fleld operation 
the shutter opening time varied somewhat (order of 25 percent) from frame to frame: this point 
will be discussed later. 

The cameras were mounted at Station i of the aircraft. Four to aly of these cameras were 
located in the tail section of the four aircraft, and were adjusted beiore the flight to point at 
the expected position of the fireball. Lenses were selected to obtain as large a fireball image 
as possible, with the reservation that a considerable px :nting error was to be expected. Lenses 
with 10-mm, i7-mm, and 25-mm focal lengths were used; these were collimated und carefully 
shimmed for sharp focus. The field of view of the 10-mm ienses {s 61° by 43.5°; of the 17-mm 
lenses, 35.5° by 25.5°; and of the 25-mm lense, 24.5° by 17.5°. The lenees were stopped to 
apertures between [/5.8 and {/22. 

The cameras were operated in pairs, in that either infrared and blue filters, or horizontal 
and vertical linear polarizers, were used on alternate cameras’ having lenses with the same 
fecal length. The blue filters (Jena BG-12) and the polarizera (Tiffin type) were used with 
Kodak 80-1,112 Microfile fin. grain (~ 300 lines/mm) film. With the infrared (Jens RG-3) 
filters, 2 slow-speed infrared film, Type IV-N (~ 120 lines/mm) was used. These systems 
will henceforth be referrec to as Red, Blue, and Polaroid. In addition, some of the series 
were filtered by Jena NG- 5 neutral-density-1 filters. 

The overall spectral response of these systems, in absolute units, is shown in Figure 2.2. 
These curve were compounded from the spectral response of the emulsions as furnished by 
the manufacturer and from the measured (with a spectrophotometer) response of the {ilters 
and polarizer. Since it was found that the heights of the attenustion- wavelength curves of the 
nevtral density filters were subject to considerable variation (presumably they vary in thick- 
nessa), the curves are to be regarded as representative only. The Red senaitivity extends 
from 6,800 to 9,000 h, and the Blue sensitivity, which is iess clearly delineated, from abcut 
3,800 to 4,500 A. The equivalent ASA speeds of these film-filter syst*ing (less the neutral 
density filters) are about i. 


2.3.3 Spectrographic kistrumentation. The spactrographic iratrumentation consisted of 
16-mm, N-9 motion-picture cameras modified by the addition of AFCRC spectroscopic attach- 
ments. The assembled instrument is shown in Figure 2.3 and an exploded view in Figure 2.4. 

The spectroscopic attachment employed a Baugch and Lomb 3-prism dispersing element and 
associated lenses. A second type, developed to extend the spectral coverage (3,200 to 9,000 A), 
utilized a gra. ing for the dispersing element. 

The former attachment consisted of a slit, coliimating lens, anda 3-prisim Amici dispersing 
element. The slit is of the step variety consisting of five steps whose widths vary logarithm!- 
cally ‘rom 10 to 800 microns. The widths were chosen to give equally spaced «xpogures along 
the “,4 and IY’ curve of the emulsion; thus, it was possible to determine the relative intensity 
response of the film at each wavelength on each frame of data. This is necesaary far obtaining 
a fair degree of accuracy in {ye measur: ment of the relative intensity as a function of wave- 
length by holdfig to a minimum the errers introduced by nonuntformities in the emuision and 
{lm processing. 
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A shade and an opal disk placed before the slit provide a simple means of varying the fleld 
of view of the instrument as well as aasuring uniform illumination along the .ength of the alit. 

A filter holder placed between the prism and camera lens allows for the ‘nsertion of neutra) 
density fliters for extending the range of the instrument and the inclusion« ia Didymitum filter 
to provide known absorption lines in the spectrum for wavelength calibration. 

The standard 35-mm [/2.8 lens supplied with the N-9 camera is used as the camera lens 
for the spectrograph, thus retaining an optical system of unit magnification. 

The N-9 camera was chosen for its versatility in the selection of exposures and the ‘'me 
resolution available with the 1-ms-c and 0.5-msec shutter speeds. A complete discussion of 
the N-9 camera may be found in References 4 and 5. 

During the tests, the spectrographs were, in general, installed ag follows: two each in the 
tail mount of the B-57, in the tail mcunt of the B-66, in the after fuselage mount of the B-€6, 
and in the photo tower on Site William or Site Elmer. Exceptions to this occurred on shots in 
which the B-57 did not participate and when attempts were made to measure backacattered lig! 
In these cases, the B-52 was instrumented. 

The time interval of major interest was from the first minimum to about 10 times the time 
to the second maximum; thus, the camera speed normally used was 64 frames/sec with a time 
reaolution for an individual frame of 1 msec. 

Exceptions to this occurred for cameras located at iong slant ranges for shots of high ylel: 
where it was determined that 32 frames/sec was optimum. 

Three fields of view were used on the spectrographs during the operation. A plot of the 
measured reiative response of the spectrograph over these fields is shown in Figure 2.5. Tune 
field defined by the opal with no shade approximated a Lambert surface over a total fle’. of 16 
This fiel.' was used on all aircraft installations. The addition of a shade io the opal ‘imiited tr 
field to about 40°. This combination was used for all data taken from the photo to‘ver on Site 
Wiiliam. Replacing the opal with a ground quartz diffuser resulted in a still na: rower field tw 
with an increase in sensitivity of a factor of 2 at the peak. This combination as veed to adva 
tage on the medium- and iow-yield events recorded from the photo tower on Site Elmer. 

The experimental procedure was straightforward. Loaded film casettes for the N-9 cam- 
eras were obtained from EG&G. The film was titled, then loaded into the apectrographs, and 
operated to check that the cameras were running properly and that ihe film was traveling free: 
Each spectrograph was then exposed to the radiation from a high-prefsure mercury arc. Thit 
resulted in a few frames of mercury spectra on the leader of each film to serve as the wave- 
length cailbration. The prepared cameras were installed in the aircraft several hours before 
the scheduled miasion and the ptics cleaned just prior to takeoff. 

Upon completion of a mission, the cameras were removed from the aircraft and the expose 
film delivered to EG&G for processing, after which it was reviewsd for exposure level a: 1 thx 
sent io AFCRC for data reduction. 


2.3.4 Aircraft. The four aircraft ueed were the B-47 (Pv sject 5.1). B-§2 (Project 5.2), 
p-5% (Project $.4), and B-66 (Project 5.3). 

The instrumentation of the B-47 inciuded all the basic instrumentation. In addition, extens 
coverage of the backscattered rediation was provided hy six of the sensitive (7- and 20-junctic 
NRDL calorimeters. Two of these were mounted in 4 camera housing on top of the fuselage 
abc it 8 feet aft of the canopy (Station 4). The inatruments were orienteu 45° above the horizo 
tal, with one 30° to the left and the other 30° to the right of the aircraft ose. The cther four 
calorimeters * .re mounted in the navigator’s compartment (ation 3) and pointed furward at 
05° above th xsorizontai. These inasirumerts cc sered the area between the Iieids of view of th 
two calorimeters mounted aft. A camera -ves mounted parallel to the four calorimeters in St: 
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eter Was mounted close to the windshlela penind tre thermal curtal. Pne second calorimeter 
wast mounted externally a short distance forward. Calorimeters and cameras wert pointed 
forward with an angle of elevation of about 50° above the horizontal. The cameras for the back- 
scatter instrumentation coverage were in a camera mount corresponding to Station 4. Photo- 
graphs of the tail installation appear as Figures 2.8 and 2.9, 

The B-57 carried the basic instrumentation. No backscattering measurements were made 
from this aircraft. The only variation from the basic inatrumentation was made midway through 
the opera! »n when a calorimeter with a 90° field of view was added to the vertical station (Sta- 
tion 2). T.e tail instrumentation station is pictured in Figures 2.10 and 3.11. Te vertical 
station was mounted in the aft hatch door. 

The B-68 instrumentation was similar to that in the B-57, and no instrumentation for meas- 
uring backsc:ttered radiation was included. The instrumentation differed from that in the other 
three aircraft in that the tail turret, into which the tail instrumentation was incorporated, could 
be depressed to only 70° below the horizontal. With the inclusion of smaller yield weapons, this 
limitation became a major problem; because if the aircraft were positioned for receiving desired 
inputs, the tail instrumentations could not be pointed at the fireball. This was solved by fabri- 
cation of a second instrumentation container to be mounted in the lower fuselage station. This 
container could be tilted fore and aft up to 30° from the vertical and cover the region that the 
tail instrumentation could not cover. It waa planned that, on those shots where the optimum 
position would not permit use of the tall turret, selected sensors of the tail instrumentation 
would be t. ansferred to the lower fuselage station. The camera mounts were utilized on most 
events to obtain more complete photographic cover: se. Photographs of the tail instrumentation 
appear as Figures 2.12 and 2.13. These photographs depict a bad case of instrumentation foul- 
ing by dirt, water, hydraulic fluid, and the waste products of the JATO units. 


2.3.5 Ground Stations. The ground effort of this project was limited, but analysis of the 
data establishes its importance. Arrangements we e made with EG&G for the operation of two 
N-9 cameras at a ground station on each atoll. These cameras were equipped with the spectro- 
scop ~ attachment. Inclusion of this effort resulted in a capability of makin, direct correlation 
betwe en data obtained on the ground and data taken with identical instrumentation from aircraft. 

Data was also taken with an N-9 camera fitted with the spectroscopic attachment and using 
the sun as a source, to provide atmospheric transmission information to be utilized in the anal- 
ysaia of photographic data. 


2.4 DATA REQUIREMENTS 


The data requirements of (he project were as follows: (1) measurements of thermal radiant 
exymnanure and irradiance aga tinctian af anectral region and inatrument field of view from points 
in spece, for various weapon yleids, heignts of burat, meteorological conditions, and instru- 
ment orientstions; (2) measurements of radiant exposure of thermal energy scattered by ihe 
atmosphere under various geometries and meteorological conditions; (3) photography of the 
fireball in the red (6,800 to 8,800 A) and slue (3,400 to 4,500 A) regions of the spectrum 
for various weapon y'lelds, heights of bw . meteorological conditions; (4) photography of 
various albe 'o surfaces, such as the ear*h’s surface, clouds, and the white shock-frothed 
water surface; and (:) spectral] photography, such as was required with spectroscopic attach- 
ments mounted on N 9 cameras in the spectral region of 3,200 ic 9,000 A. 

Data requirements from other projects and agencies included supplementary information 
reqi tred for interpretation ind analysis of the thermal measurements and such photographic 
records as aircraft positic « in apace, meteorological conditicens, weapon yield, height of burst, 
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The calo:imeters and radiometers were furnished by NRL in several sensitivity ranges 10 
vover ali anticipated input values. Citlibration of these iastruments was wccomplished by NRDL 
before and after the operation, by the utilization of standard techniques, All data presented 
was redured at AFCRC using constants supplied by NRDL and Projects i:.1, 5.2, 5.3, and 5.4 
(contractors). 


2.5.1 Procedure. Essentialiy, the data reduction for ‘he calorimeters (a description of the 
NRDL Mark 6F calorimeter is given in Reference 6) consisted of the following: 

1. Converting the galvanometer dsflection, as measured, to galvanometer deflection cor - 
rected for the heat lost by the instrument through conduction and radiation. T::is step corre- 
sponds to correcting the solid curve of Figure 2.14 to the dashed curve of the sume figure. 
This is a typical calorimeter prehlem., 

2. Converting the corrected g lvanometer scale deflections to millivolts across the thermo- 
couple, to temperature rise, and to energy received during the course of the event. 

3. Correcting for the average reflectivity of the windows and filters. 

4. Diffe ntiating numerically the resulting curve of radiant exposure in respect to time to 
obtain the 1 idiancy. 

The reduc .ion of the radiometer data followed a similar procedure essentially, except for 
Steps 1 and 4. 

Two calibrations of each calorimeter and radiometer were made, both at NRDL. The instru 
ments were precalibrated before they were mounted on the aircraft. At the conclusion of Op- 
eration Redwing, the instruments were dismounted and shipped to NRDL for a postcalibration. 
It was this postcalibration that was used in the final reduction of the data. Both calibrations 
were made in the laboratory with nelther window nor filter in front of the detector surface. 
Table 2.4 lists some of the calibration factors selected at random. 

An inspection of Table 2.4 shows that the calorimeters were apparently more stable toward 
holding their calibration than were the radiometers. However, the difference in the pre- and 
postcalibration factors will not completely explain the randomness of ihe data as observed. For 
one thing, a two-point calibration in which the instruments have the variation shown gives no 
reliable information as to the proper calibration factor for any particular event. Furthermore, 
the variability in data (an example of which is shown in Figure 4.3) indicates that this particular 
calibration technique may have been inadequate. The data, however, was not ina form where 
it was possible to make detailed comparisons of the performan.e oi several individual calorim- 
eters or radiometers as a function of event. 

As no facilities were available in the field for calibration purposes, individual filters or 
quartz windows were not calibrated during the test series. It was assumd that no changes 
occurred in the transmission properties of the filters or windows. This assumption may not 
be uniformly true, considering the intense heat to which the filters were subjected. A certain 
amount. of variance in calibration, wot shown in Table 2.4, may be ascribe:d to unobserved 
changes that may have occurred in the properties of the tilters. 


0.2 Filter Characteristics. In Table 3.4. filters: used on the project are listed together 
with the wavelen:th regions (hrough which they transmit energy. 

Standard Coruing filters were used to determine the amount of radiant energy that can he 
expected in various broad regicns of the spectrum between 0.2 and 4.5 microns. For data col- 
lected under these circumstances to be vf greatest utility, if is necessary to know in det cil the 
transmission properties oi the filters as a funelios of wavelength, Ideally, this knowledge shou 
extend to the jpectral transmission properties of ihe iautervening atmosphere and finally te the 
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ence 7) as that shown in Figuce 2.15. From the fens: ic will he observed that approximately 
two-thirds of the energy (64 percent) from a white spurce would be transmitted within the nom- 
inal limits of 0.9 to 2.5 microns. Similar statements “an be made about the other filters. 

In sume respects, the statements made are a bit misleading, because some of these filters 
transmit a significant amount of energy outside the limits glven. This statement is reinforced 
when these filters are coupled to a moist Pacific atmosphere and a high-temperature sou -e7. 

In this case, the absorption by water vapor has only a few windows in the infrared spectra} re- 
gion, while the absorption by the same water vapor allows a much greater percentage of energy 
to be transmitted in the visible spectral region. This is further enhanced by the increased ratia 
of visible to Infrared radiation emitted by a high-temperature source. Such arguments were 
used ag the basis of filter limits tabulated in Table 3.4. 


2.64 PHOTOGRAPHIC CALIBRATION AND DATA REDUCTION 


2.8.1 Development and Sensitometry. After each detonation, the films were processed by 
EG&G personnel in their field unit. Processed under the same conditions was a strip of film 
tha’ had been «exposed with a step tablet and an EG&G Mark VI sensitometer. The films were 
developed to a gamma (contrast) of about 1.0, The step tablet was an Eastman Kodak 2, with 
21 steps and densities up to 3.0. The sensitometer used an FT 110 Xenon lamp, at 5,0( meter- 
candle seconds; in some cases this exposure was reduced by use of a mask. The lamj ish 
time wag about the same as the field shutter time, roughly 1 msec, to minimize recipru ‘ity- 
failure :ffects. Wratten W29 red and W36 + 38A blue filters were used on the Red und Blue 
film strips, respectively. These filters do not have the same characteristics as the Jena fil- 
ters, and the lamp does not, of course, have the same spectral composition as the light from 
the detonation; this is expected to introduce only a smali error in the calibration (Figure 176 
of Reference 8). Unfortunately, however, the sensitometric exposure was often insufficlent to 
expose the film to the high photographic densities observed inthe field. Furthermore, some 
of the step tablets were lost in transii back to the continental United States. 


2.3.2 Microdensitometry. A Jarrell-Ash Company Jaco JA 2310 recording microphotometer 
wa: modified to accept i ie film reels and to read optical density Instead of tranamission. With 
it, the optical density of the films could be measured semiautomatically. The instrument re- 
corded (“arrow-beam) optical densities from 0 to 4., seused by a 931-A photomultiplier, ona 
Bristol s.rip chart recorder. The image of the frame could be projected onto a ground-glass 
viewl7 screen, with linear magnification 15X. A reticule was placed over this screen to locate 
the scan positions. The microdensitometer slit was set at 55 by 100 microns a8 a compromise 
between resolution and sensitivity without excessive noise. The slit helght appears on the photo - 
graphs (Figures A.1 through A.256 in the Appendix) to the right of symbol “.1" ; note that It is 
not a8 amail ws could be desired. Similarly the scanilng apeed was chosen as 2,5 mm/min; the 
time for a complete horizontal scan is avout 4 mites. The stage on which the film was mount - 
ed could be rotated, and scans through varloua feutures on each fra-ne could he taken. A typical 
trace is shown in Figure 2.16. The noise is preswwably due to the granularity of the film (seo 
Chapter 24 and especially Figure 358 of Reference 4). 

The image on the viewing acreen of each of the frames that was scanned was photographed 
with a Linhof Technika camera fitted witha Land Polaroid back. An attachment te the micro - 
densitometer consule allowed the camera to be quickly swung into position. Polarold 481 (iim, 
which makes a positive transparency, was used; from this transparency cniaryements werce made, 
Such enlargements are shown in the Appendix. 
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the contrast io a dynamic range of brightnesses below 16". The situation is ogpravated by ae 
heating of the lenges, filters, ane other external camera parts during the iherma} pulse, and 
by dust and spray on the lenses. furvoermore, the fireball typically covers ap important frac> 
tion of the vanora field -f view, andso there is a large amount of Light available to be smeared 
over the dimmer test va. af the photographs, 

Th saniistence of this flare light is borne «ut iy the albedo measurements of Chapter 4, in 
which the Jowest aibede points, near the photograph edges, 3re never less bright than 1G” 
tires the urishtest fireball surface areas. Consequently, the lowest brizhtness puints are sub - 
jeat to Sore error, and reanits of lo v-intensity measurements must be interpreted carefully, 


2.6.4 Analysis of Microdersttometer Records. Hurter and Driffictd curves (H and D, den- 
sity Versun log @¢xpoaure) ior the various films that were scanned were prepared fru. tne sen- 
sitized film strips. The micrudensitometer traces could he analyzed with the aid of transrarent 
mastic scales, engraved with the appropriate reticule gridwork numbers: these enabled one 
brightness at various positions on the image of the nuclear detonation to be found. Brightness 
inapa ef selec +d f-ames were prepared (Chapter 4), and isophot contour maps were made by 
connectbupy up points of equal tightness. 


2.7 SPECTROGRAPHIC DATA REDUCTION ANI CALIBRATION 


At AFCR ©, the spect: al jilms were reduced brough use of a mnicrodensitometer to curves 
ot film density versus wavelength. H anti D curves were then constructed at selected wave- 
lungti-s fa oni ihe step siit calibration and the denaitivs at 100- A intervals converted to relativ« 
infengitles, The variation of relative intensity with wavelength due +o emulsion response and 
inatcument transmission wae corrected through calibration of the instrument and film against 
a tungsten standard Jamp supplied Ly the Nationkl Bureau of Standards. 
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7 TABLE 2.4 


Shot 


Lacrosse 
Cherokee 


“un 
Yuri 
Erie 
Seminole 


Flathead 
Bliachroat 
Rickitpoo 
Osipe 
Inca 
Dokota 
Mohwyk 
Apache 
Nowvaje 
Town 


Heron 


Cherokees 
lecror ae 
PAYED & 

Erin 
Sealinole 
Yuna 
Flatread 
Biackfuot 


Inca 
Navajo 
Huren 
Dakota 
Qwage 
Kickapoo 
Apac be 
Mohawk 
Towa 


z x 
t x 
vs x 


x | x 
y 4 a 
x | m 

| 
x | x 
x x 
x* xt 


h=57 | “th 
i} 
x | x 
x x 
x \ x 
x | 
s io 
t 
x J x 
x x 
x, | x 
x x 
zx a 
x i x 
x | x 
x | x 
z 1 x 
x | om 


A 


® Participation in this event vas planned only if justified 
because of not eoquiring sufficient data on other ehots, 


Date 


hb Muay 
21 Mew 


SR May 
2a May 
ol Miew 
G June 


2 June 
2 June 
16 June 
16 Jur 
22 June 


36 June 


a dirky 
9 Jy 
11 duly 
21 duly 
22 Inky 


SHOT STATISTICS 


Loc ntion 


Liaiwetok, Yvonne 
Bikini, Charlie 


Bikini, Tove 
Eniwetok, Sally 
Kniwetok, Yvonne 
Eniwetok, Irene 


Vikind, off Dog 
Eniwetok, Yvonne 
eniwetoh, Sally 
Lniwetok, Yvonne 
Lniwetok, Peart 
Rikon, off Dog 


Eniwetok, Ruby 


wniwetok, Mike erater 


Wikimi, off Dog 
Bikini, of f Dag 


Eniwetok, Mike ceator 
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ki 


39.5 
3 B00 


3,380 
0.19 
14.9 
13.7 


865 
L wat) 
1.49 
1.7 
156.2 


1,100 


R60 
1850 
4,500 


4,600 
Jay 
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“Approximate | 


Type Shot 


Surface 


Air drop over witer 


wi 5,000 feet 
Suurtice 
200-foot tower 
300-foot tower 
Surface 
Barge 
200-foot Lower 
300-foot tower 


Airy dvop at 700 feet 


200-foot tower 
harge 


300-fnat tower 
Barge 
Barge 
Barge 
Marae 


ra nee ta. na ta he 


All Redions tere 2 Quarts, flat 90 1 O.2 to dn5 
ALL Calorimeters | 3 Quarts, flat 90 bY Qed tar de 
ALD Calorimnter 1 3-89, flat % DI 0eS to 245 
All Calorins ter 1 2-73, flat 90 i 0.57 to led 
AlL Calorimeters 2 2-58, flat x taxi D463 to we5 
peel Cal -rime ters 2 ' RC-8( Jena) ,fleti 90 | 1 O,7 te 2,5 

Al} Caloriacters 2 7-56, flat 4) ro o2 0,90 to -, 
rm Calorimtere 2 Ger 7-56, Chat | % | d 7 RAD YD 2S 
AA] | Galorineter 2 Quarts, dom LO 1 Oy2 ta dad 
All | Calorimeter 1 Quarta, flat AS Coe Qed to hed 

t 

All . Calorimeter 7 Quarta, as aa ) a 0.2 to 4.5 
All | Calorim tera 2 Quarts 160 ; 2 — Oe2 to ba5 
All | Calorimeter 1 Sorts eee 100 2. 40,8 t0-2,5 
-47 | Caloriasters 6 Quertn, Plat 0 | 3and4' 0.2 to 4.5 
B-52 | Calorimters 2 Quarts, flat 40 aes 0.2 te het 
All | Camsras 2 1D and/or GG 3 10 2 ' 0.57 ta 0.7 
’ au Camras lor 2 | Blue, (BG 1z) | le, 17, 23 1 » 434 to 0.45 
All Comras lor 2° | Red, (RG-8) 10, 17, 25 1 ' 0.7 to 0.88 
B-57 and 3-66 | Cameras 2 Spectroscores 25 to 160 1 0.42 to 0,59 
R47 | Camra ] Nona 10 3 0.34 to 0,7 
H=$2 Cameras 2 None 5.3 4 ' 0.34 to 0,7 
Bath | Ce Cameras 4 to 6> | Spectroscopes | 25 to 160 2 | 0232 to 0: 


* Aireraft incorpo: ating spectroscopes in the tail inatzwmentation (B-57, B-66) had one red 
, fobtered and one plus filtered camera in this atation (Station 1, Figure 2.1). 
> of the additional #ix cameras on the B66, located at Station 2, Mgure 2,1, tw2 were fitted 
with apoctroscopes, The -ther four camras were fitted with lenses end filters which were 
Tequired t> abtein the e’iltional infcirmation possible because of guomtry. This camra 
munt ves orlented to the rear and % dogrwes off the vertical. 


TABLE 24 CALIBRATION FACTORS 


‘ocandom sample of radiometer and calorimeter calibration factors. The 

euiDration unit is cal /on*-aee-miv tor the radiometer sind cal/em-my for 

ihe calorimeter. 

Ing? retrant TAcsivnition a ay Ser Bn __ Factors > dies 

von tee an PRCCHTITTation OY Postealibration (By 

Radiometer R= hia LY bt 1.54 -0,)2 
KRR+~ 10-153 Lita 1.87 +O.0] 
R-10-162 1.80 1.75 —105 
RE -+50-159 10.67 9.33 mat dd 
RF-50-160 7.04 9.12 eres) 
RF -G0-102 16.32 8.63 =O 

Calorineter WH-162 tied 0.590 iby 
WH-3.82 1.570 0.613 1 haF 
WH-193 0.682 577 — 01 
BK-14 1.27 1.26 RED | 
BRK-57 W.ATA ant — U8 
BReRD Par pen) O40 ‘ 
BK-' Ws | a 1.21 W.02 
BRK-Ls0 Litt Lids -Q,02 
BK -246 L.14 116 tod 

aq 
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Figure 2.7 Tail instrumentation mount. B-47 (side view). 
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Figure 2.8 Tail instrumentation mount, B-52 (rear view). The camera 
cover plate is removed. Note the two different sizes of lenses on the 
four cameras on the left. This was an attempt to obtain a large fireball 
image, with a hedge against missing it entirely by use of the lens with a 
larger field of view on the second pair. 


Figure 2.9 Tail instrumentation mount, B 52 (side view). 
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Figure 2.10 Tail instrumentation mount, B-57 (rear view). This picture 
shows a departure from the basic instrumentation in that two of the bottom 
four cameras were normally eruipped with spectroscopic attachments. The 
configuration shown here was fur maximum aumber of fireball records. 


Figure 2.11. Tail instrumentation mount, B-57 (side view). 
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Fiper 2.12 Tail instrumentation mount, B-66 (rear view). 


Tis photograph was taken after a@ mission on which the air 
craft had developed a small hydraulic leak, but the dirt and 
moisture on the instrumentation was not unusual. 


Figure 2.13 Tail instrumentation mount, B-66 (side view). 
The camera cover plate {s removed. This was the basic 
configuration of instramentation for (his adicerati. 
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Chapter 3 


RESULTS 


In all, there were 17 nuclear explosions, of which 11 had successful coverage by some er all 
of the airborne instrumentation installed in the four aircraft. The positions of the aircraft at 
time zero are listed in Table 3.1. 


3.1 CALORIMETER AND RADIOMETER RESULTS 


These results are prcsented in several tables and figures. Table 3.2 presenta a summary 
of the effectivenesz of the thermal measurement portion of the effort. Aircraft showing overall 
zeru j esults either aborted the mission or had complete recorder failure. 

Table 3.3 presents the thermal data, fully cosrected for all instrumental calibrations. The 
figures show the radiant exp cure and irradiance as a function of time for typical exposures of 
calorimeters and radiometers. B-52 results are not preseni4, vecause the required electrical 
calibration constants were not available prior to completio. of data reduction. The tabulated 
results are considered finai. 

During iive events Seminole, Blackfoot, Kickapoo, Osage, and Yuma), no aircraft partici- 
pated. During two events (Navajo and Tewa) three aircraft participated. During three events 
(Lacrosse, Erie, and Inca) two aircraft participated. During seven events (Cherokee, Zuni, 
Flathead, Dakota, Mohawk, Apache, and Huron), four aircraft participated. These figures 
(Tarie 3.2) include aircraft that subsequently aborted or had recorder fatilure. During Mohawk 
and Huron, the B-47 was positioned for side loads and 30 obtained minimal thermal records. 


3.1.1 Summary of Cumulative Thermal Radiation Data. The data presented in Table 3.3 may 
be considered as a summary of the principal thermal effects of this series of tests. The col- 
umns give the following information. 

Column I gives the Shot name and the approximate yield in kilotons. 

Column II indicates the type of instrument used (C for calorimeter and R for radiometer), 
the field of view of the instrument (in general, either 90° or 160°), and the type of filter employed. 
The filters are described in Chapter 2, The filter designations and spectral characteristics are 
given in Table 3.4. For example, a calorimeter having a 90° field of viev and transmitting in 
the wavelength region trom 0.7 to 2.5 microns ig listed in Column Z{ of Table 3.3 as C-90-A. 
Similarly, a radior.ster with a 90° field of view transmitting in the wavelength region of 0.2 to 
4.5 microns ia listec in the table as R-90-. Q. 

Column Il gives the aircraft type least: ‘*»- “ber designation B, the position (station) of the 
instrument in the aircraft, and a letter expressing the orientation of the inatrument. The letter 
F indicates an instrument pointing directly at the fireball, whereas the letter V (vertical) indi- 
cates an instrument whose receiving surface was paralle! to and viewing the surface of the earth. 
The letters BS (representing backscatter) denote a calorimeter in front of either the pilot’s 
cancyy or the rear upper dome (Static1s 3 or 4). Thus in Column I, an instrument located in 
th tail of a B-57 (Station 1) pointing directly at the ‘ireball wold be described by the symbols 
57 1-F, Similarly an inatrument located oi: the underside of t.ie fuselage of a B-47 (Station 2) 
directed to view the water surface beneath the aircrait would be coded as 47-2-YV. 

The range at the tim: of maximum irradiance given in Column IV was chosen as the repre- 
sentative range to describe the event. Because the ap-ed and curse =:{ he aircraft (outbound 
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aircraft’ S range constant during the entire period in which significant amounts of thermal ra- 
diation were being received. Using this .ssumotion, the error made in the determination of 

Q due to the divergence of the thermal radiation as the aircraft moved away from the source 
is small and can be neglected. The radiant exposure Q need not be and is not corrected for 
the small change in range that occurred. 

Column V expresses the best estimate of the total radiant exposure experienced by an air- 
craft in terms of calories per square centimeter of calorimeter detecting surface. 

Column VI expresses the best estimate of the maximum rate at which each square centimete: 
of radiometer detecting surface was accepting the thermal energy from the device. 

Columns VI, VIN, and IX have been added for comparison and analysis purposes. Colum 
VO express: 3 the quantity Qp?/w where Q is the radiant exposure in cal/em?, D is the rang... 
of the aircrai: at the time cf maximum irradiance in units of kilometers, and W is the yield in 
kilotons. This parametric form of presentation was chosen because this parameter admits of 
ready comparison with the scaling data given in Reference 1. From elementary physical argu- 
ments, it is expected that this parameter will be relatively constant. For convenience, the 
apecific thermal energy is defined as 


_ QD’ cal-km? 
aoe cm?-kt au 


Column VIM 1a the total radia..t exposure of the vertically oriented receivers of Column V 
multiplied by the secant of the angle 6 aa defined in Figure 3.1. This is done to remove the 
obliquity factor tending to decrease the radiant ‘lux received by a vertically oriented receiver 
over one viewing the fireball directly. 

Column IX shows the effective value of E obtained from the vertically pointing calorimeters. 
A comparigon of Column IX with Column VII will help to decide whether or not the albedo of the 
surface can be determined. 


3.1.2 Time History of Thermal Radiation Measurements. A large amount cf thermal data 
waa taken in the course of the project, all of which was time-dependent. In the preceding sec- 
tion, this time-dependency was effectively eliminated in order to show tctal or cumulative 
thermal effects. This data ia probably in the most useful form from the old operational point 
of view. The scientific value of the data is enhanced by knowing the tine rate of change of both 
the radiant exposure and the irradiance. In this section, the data obtained by certain calorim- 
eters ard radicm:2ters as a function of time is presented for familiarization purposes. The 
Anta is judged to be typical. Shot Dakota was selected as the thermonuclear event to be pre- 
sented when possibie. It was in the megaton range and was the inost completely documented 
shot photograypjuice iy. Unfortunately, the backscattered radiation was not successfully meaas- 
ured for this «ven. Instead, the backscattered radiation observed during Shot Tewa has been 
subetituted. 4 ‘tescription of this selected data follows. 

Figures 3 2 and 3.3 show the time-dependence of the radiant exposure and the irradiance as 
chgerved fro 1. a B-57 whose altitude and horizontal range at time zero were 17,650 and 25.020 
feet, r- specively. The aircraft was on an outbound crack. Figures 3.4 and 3.5 similarly show 
the time sequence of radiant exposure and the irradianc: aa cbserved from a B-66. The 5-66 
was flying an outbound track at an altitude of 16,000 feet and horizontal range of 13,100 feet at 
time zero. Because both aircraft were simultaneously observing the fireball in Shot Dakota, 
the difference in values of thermal exposure and irradiance are due to the different slant ranges 
of the two aircraft. Apart from th -ange effect, and the internal inconaiatencies mentioned 
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Same trend is shown for the filtered calorimeters also. In addition, the total radiant exposure 
is a function of the svectral limits of the filter and the transmissivities cf filter and atmosphere 
In the transmitted spectral range, 
Figure 3,3 points up the variation with time of the rate at which the energy is received. A 

logarithmic time scale has been used, be: ause it is felt that this plot emphasizes the time- 

| dependence better. In a conventional plot of irradiance versus time, the area under the curve 

is proportional to radiant exposure. In Figure 3.3 this relationship is implied only. 

l Figure 3.6 presents ploia of radiant exposure versus time ag viewed by three calorimeters 
at the same station during Shot Apache. A discussion of variations in this data is presented in 
Chapter 4, 


3.1.3 Backscattered Radiation. Another important phase of the therrnal program was the 


i rr ne ie 


the half hernisphere ahead of the aircraft. Because of the orientation and the aperture of the 

p instruments, scattered radiation from a considerable portion of the sky ahead of the aircraft 
was received. This radiation will be refer: ed to as backscattered radiation or simply back~- 
scatter. The total backscattered radiant exposure for those events where this parameter was 
successfully observed is given in Table 3.5. In general, the radiant exposure is of the order of 
a few tenths of 1 percent of the radiant exposure received directly from the fireball. 

Table 3.5 gives ali of the data that has been received on the backscattered radiation. The 
range and approximate device size have been included for the convenience of the reader. The 
most important information is obtained from the last column, which gives the ratio of the aver- 
age backscattered radiant exposure ps to the average radiant exposure received frum the fire- 
ball Or. Except for Flathead where the ratio appears to be abnormally hizh, the remaining 
ratios are of the same order of magnitude, i.e., 1 x 10to5 x 107°. Although there appears 
to be some trend showing a decre1se of the ratio Qps/ Op as the device size increases, corsid- 
eration should be given to the thiid and fifth columns before any conclusions are drawn. These 
two columns are the Individua! values of the radiant exposure from which the ratio In the last 
column is constructed. There is large variabliity in the data. 

Further refinement in the analysis of the backscattered data does not seom justified because 
of the paucity of the data and the lack of knowledge of the details of the environment under which 
the data was collected. For example, the cloud cover is known only by conventional meteorolog- 
ical description. Ags the purpose of this experiment was to measure typical thermal exposures 
experlenced by the aircrew under the conditions of the test, the mission is accomplished if the 
measured values given in Table 3.5 are interpreted as order of magnitude resuits. 


3.2 PHOTOGRAPHIC RESULTS 


In this section a deacription of representative series of photographs of each of the detonations, 
is presented. Shot Mohawk, however, ia not presented, because the thick cloud layers obscured 
detail: nor are Yuma, Seminole, Blackfoot, Kickapoo, and Osage, which did not have photograph- 
ic coverage. Each series was chosen on the basis of the quality of its photographs and its point- 
ing up the principai features of the «etonation. Furthermore, a representative group of pictures 
are deacribed, in that Red and Blue and Polaroid photographs taken from several altitude angles 
under conditions in which the flreb.-ti itself covers vartous fractions of t..2 field of view (that ia, 
the cameras used lenses cf varicus focal length) were chosen for display. “he photographs are 
presented as Appendix A. Field co erage of the various detonationasa, and tue film records suc- 
cessfully obtained, are listed in Ta:‘le 3.6. Not all the photographic records obtained aie of 
high enough quality for analysis; fo: example, none f the Inca series yield useful information 
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raame geru, ¢ (minimums, Ld, JU, 49, 66 (8 ‘cond maximum), ¥f), 115, 150, 206, 250, 325, 
375, 425; and even farther if anything of intere::t si ows on the phu'ugraph. Occasionally other 
frames ore shown alag. 

The photographs, presented as /.ppendix A, ar: reproductions of enlargements ot negatives 
taken with the Polaroid camera, of the projection of the vriginal film on the ground glass scree: 
of the microdensitometer (Chapter 2}. Consequently, ar least four reproductions are involved, 
and some detail is necessarily loat. Furthermore, the iatitude of the prints is low, and occa- 
Slonally, detail of the brighter features has been sacrificed in or-Jer to show up the dimmer 
Oner, such as clouds, air shock, and ielundas. 


3.2.1 Qualitative Picture of a Detonation. For orlentation purposes there is presented here 
a short description of the various facets of nuclear detonation contributing to the thermal! flux, 
as cbserved in the several series of photographs; a more detailed discussion is given in the nex 
chapter. The aircraft are typically at elevation angles ranging from 16° to 85°, (ag seen from 
ground zero) in level flight radially away from the explosion site. The slant ranges vary from 
11,000 feet for the lowest yield devices (15.5 kilotons) to about 50,000 fect for the largest (5 
megatons). The detonations are water or low tower shots, with the exception .f Cherokee whict 
was an air burst, and Lacrosse (17 feet above ground surface). 

Frame Zero. The camera shutter operating at 64 frames per second is alternately open 
for 1 msec and closed for 15 maec. The cameras are not synchronized with time zero, nor 
with one another; nsequently Frame Zero will occur ata different time on cach camera and 
at any time extending from time zero (the detonation occurring just ad the shutter is closing) 
up to about zero +15 msec. Actually during the l-msec shutter time, there Is considerable 
fire ‘ali development for small bombs and/or very early times, For example, for Dakota the 
fire all radivs grows to 250 feet in the firat millisecond, and to 330 feet in the second milliaec- 
ond time interval. 

Red Frame Zeros are chi racterized by a bright, symmetric fireball, which liluminates the 
clouds, islands, and wir in the field of view. The corresponding blue frames are far less bright 
and in fact are often miesed altogether. In no cage is the blue light from the fireball surround- 
ings intense enough for tts angular distribu‘ion to be measurable with high accuracy. 

Dip to Minimum. ‘The frames immediately following Frame Zero ahow a fireball of 
larger radius and diminished aurface brightness. No outside structure la yet apparent. Gen- 
erally the blue flux is below the threshold of the filin, and the clue image ditappears. During 
this period, individual hot spots -— local areas of br: ghtncss -—- appear; their motion, outward 
with the expanding fireball, can be ‘beerved, alihough the blue fireball continuum completely 
disappears (Section 4.4.1). Thermal flux minimum occurs at roughly 0.0031 /W second; where 
W is the yleld cf the weapon in kilotons; thie is at about Frame | fur Erie (14.0 kt) and “rame 
14 for Navajo (4,500 kt). After minimum, the surface brightness of the fireball lacrenmes 
again. 

Development of Shock Froth, Absorption Shell, and Plume. At minimun 
the shock wave separater from the fireball (breakaway), and advances ahead of it, roughing up 
the water surface and making it a rather good diffuse reflector (shock froth). An absorbing, 
dark concentric envelope (absorption shell) appears about the fireball in slightly later frames. 
The outlines of the fireball itself are somewhat fuzzy; the apparent radiua of the luminous fire- 
ball often appears to decrease Jur uife- minimum. 

At the top of the fireball is observed a smal! bright area (the plume) which darkena and grow: 
in succeeding frames. Thia plume obscures in late frames an appreclable fractlon of the therm 
radiation golng epward from the bright fireball. These features of the {lrebail ar ghown sche- 
matically In Figure 3.7. 
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ek OUMA UE WU UBS ALS MOMS PUC ELLA BNAPE lt TIBEB irom tne Getanation site. The plume be- 
comes almost as larg> as ‘e fireball itsels The air shock striking nearby clouds causes then 
to evaporate; thia has ihe effect of reducing the fraction of the thermal flux that is scattered 
from clouds (cloud albedo}. At very late times, the lowered pressure behind the shock front 
causes clouds to re-ftorm (Wilson cloud effect); a ring (like a circular amphitheater) of these 
clouds Ia seen around the now-dim fireball, the risen fireball remaining uncbscured from most 
aircraft view\ng angles. In general, dense clouds van reduce (by absorption) the thermal flux 
from the firebail, or (by reflection) increase the flux by a considerable amount. 


3.2.2 Shot Erie. A photographic series of this 14.9-kt shot is presented in Figures A.1 
through A. 15. This detonation was on a 300 -fout tower. The island (Yvonne) and nearby reefs 
show clearly from the 70° altitude angle. Frame Zero is found by application of the shock theor 
to occur at 10 msec after detonation; this is 2 msec before breakaway, which occurs between 
Frame Zero and Frarne 1. The absorption shell shows clearly in Frames 1 through 5, and less 
clearly thereafter. Note the jagged shape of the fireball and the variable thickness cf the ab- 
sorption aheli, the exterlor outline of which is more regular; the absorption shell does not fol- 
low the shape of the surface of the luminous region. In Frame 1 the thickness of this ring is 
about 50 feet, and it Is quite opaque; no island features are visible through it. The fireball is 
then some 350 feet in radius and touches the ground. 

By Frame 2 some of the details of the “feet’’ of the island are visible through the absorption 
shell (this ta not obvious on the print) and in Frames 3, 4, and 5 the absorpt‘on shell becomes 
increasingly transparent. This decrease in opacity of the absorption shell i: thus observed for 
surface bursts of all yields from nominal kiloton to at least 5 Mt. 

The shock froth {s definitely brighter than are the “legs” of the island; this is observed also 
in Shots Flathead (Section 3.2.5) and Dakota (Section 3.2.11). 

The air shock shows faintly in Frame 5 and in Frame 8 at second thermal! flux maximum. 
Puffe of dust kicked up on the iazland are clearly visible; they give the shock froth its apparently 
rough front in frames near second maximum. The fireball of thie particular relatlvely small 
weapon evolves into a diamond shape (Frame 18 et seq); no plume is seen. Note thy shadow 
cast by the dust cloud on the shock froth (Frame 24). The dust cloud iteeif has high albedo; 
note the bright puffs on the reef at 3.0, 38.5 in Frame 30. By Frame 39, however, it appears 
that the shock wave le raising very little more dust from the coral reef. 

The plume of thie tower shot (during which the fireball did not touch the ground until about 
second thermal flux maximum) ts conspicuously absent. 


3.2.3 Shot Lacrosse. The photographic series of thie 39.5-kt shot is presented in Figures 
from an altitude angle of about 65°. The detonation took place 17 feet above ground level. 

Two Framee Zero are shown, to illustrate the criticality of the photographic reproduction. 
Rocket trails show clearly, to the : ight of the detonation alte. The fireball is seen to be quite 
asymmetric. It te understood that, in this test detonation, a consijerable amount of matter was 
around the weapon, and presumably, the detonation is perturbed by the asymmetry of the site. 
In Frame 1 some structure is still apparent, but the outside rim of the fireball is quite eymmet- 
tric; note the hot spots and the large dark central area which hag a thin bright rim. 

Minimum occurs between Frames I and 2. {mn Frame 2, this central area shows bright, as 
it does in Frame 3, where a considerable siructure ig again apparent. The bright knot has 2 
ring around it resembling a miniature absorption shell. By Frame 13, second thermal maxi- 
mum, the plume te already covering almost half of this projected area of the fireball. 

The tack of Ulumination of the near side of the shock froth 1s peculiar and may be due to 
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is it well resolved on a test microdensitometric trace; but its existence is indicated oy tne very 
bright right-hand shock froth in Frame 9, and the general fluctuations in shock froth brightness 
seen throughout the series, Another noteworthy feature is the group of horizontal dark lines in 
the left-hand shock froth, in Frames 13, 18, and 23; these may be shadows of structures nearby 
In later frames the 45° streak on the left side of the fireball, which first shows in Frame 3, is 
still visible. 

It is noteworthy that the characteristic blue air shock attenuation, seen in all other Siue 
series, does not show in these photographs. 


3.2.4 Shot Huron. The photographic series of this 250-} : shot la presented in Figures A.29 
through A.41. This geries shows the routine Blue behavior: a dim Frame Zero (which shows 
considerable limb dark: ning in a densitometer trace), hot and dark spots, the horizontal firebali 
belt line, and obscuration behind the fireball. At this somewhat low angle (49°) the intensity 
minimum in the shock {roth is not pronounced, especially in the foreground (compare Flathead, 
next section). As was observed with Dakota and Flathead, the Blue island albedo ia well less 
than the shock froth albedo. T' 2 Blue obscuration by the plume is clearly less than for Lacross 


3.2.5 Shot Flathead. The Blue series for this 365-kt shot is viewed from only 5° from the 
vertical (Figures A.42 through A.56). The hot spots in Frame 4 (minimum) seem to be concen- 
trated near the fireball limbs, away from tine center. In Frame 18 the shock froth and ite mid- 
line brightness minimum are visible; note how this ring of minimum brightness within the shock 
froth brightens with increasing time. This is one of the series that gives evidence for the Bl. e 
absorption of the air shock (Section 4.4.5). A bright ring (tidal wave albedo?) appears within 
the absorption shell. The shock froth albedo at this geometry, caiculated with the 85 percent 
subtraction as described in Section 3.2.11, is 1.8 times as great as the island albedo. This 
again is in contrast to what is cbserved in the complementary Red photographs (not shown). In 
the Red, the island outside the shock froth has the aame albedo as the shock froth, to within 
about 7 percent; but when the island is inside the shock front, its corrected albedo falis to about 
(1/1.6) of the shock froth value. 

From this similar high angie of view the obscuration by the plume is signally less than for 
Lacrosse. 


3.2.6 Shot Apache. The photographic series of thie 1.0-Mt shot is presented in Figures A.51 
through A.?0. Three series of photographs of this water detonation are shown, a Red series 
and a Polaroid pair. 

Red Series. This group of pictures is of interest because the camera wag fitted with a 
neutral density 2 filter. Consequently, the brightnesses are reduced by roughly a factor 10 
below the other Red series shown, and certain features are optically resolved on the film. The 
fireball ie only faintly visible dn the original negative at minimum; the dark belt shows in Fram 
19 and 39. A scan across this belt shows it to be some 20 percent less bright than the surroun 
ing region (au~h « difference ina line is easily missed on the densitometer trace, without a gui 
ing visual identification); the lower segment of the firebal! is generally less bright than the upp 
and this vertical effect is also observed in the other Red traces. Ancther feature chaerved in 
the Blue photographs, and only rarely in the other, more dense, Red ones, is the fireball puffi. 
nese at late frames. Scans of Frames 38 and 88 (second thermal flux maximum) show that the 
fireball has very little limb darkening; this is the same behavior as that observed or the Dakots 
Red films, with both neutral density 1 and with no neutral iiiter. This indicates that the chara: 
teristic flat op of the Red microdensitometer trace is not an effect of inatrumental or photc- 
graphic aaturation. 
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less wuictered i... photographs. 

Polaroid Series. Inthis low ingle (~ 19°) series, the horizontally polarized Frame 
Zero (37219) occurs a few millisecond before the verticall: polarized Frame Zero. The photo- 
graphs have less exposure than the Dakuta polarized pair, since the lens was stopped to {/16 
instead of £/5.6 and a neutral density 1 filter was used. 

In Frame Zero the light specularly refiected from the water surface is clearly visible. At 
these angles between the aircraft and the (extended fireball, Fresnel’s laws predict roughly 20 
percent specular reflection for ¢@ and 5 percent reflection for @; this is qualitatively borne out 
by the photographs. The tctal albedo drops off quite sharply at the sides of the reflected image 
of the fireball. This pointe up the fact that, at this luw angle at ieast, the Lambert water al- 
bedo is small compared to the specular albedo. 

In Frame 19 no difference betwen the two planes of polarization is resolvabie. Evidence 
of the absorption sheil appears, and above this dark region is a bright topknci some 600 feet 
across, which is destined to become part of the plume (Frame 39). The horizontal belt anda 
lena structure of the fireball, show clearly on these photographs. The specular reflection from 
the water, of the light from the 6 rireball, shows up to Frame 148; in the ¢ photographs, it is 
barely resolvable in Frames 58 through 106. The specular nature of this reflection is empha- 
sized by the sharpness of the shadow at 3.7, 35.7 of the cloud above it on the photographs. What 
apoears to be a reef (off island Gene) is illuminated on the lower right of these 0 photographs. 

Note that the specularly reflected light from the unshocked water surface, is more intense 
han the adjacent shock froth albedo at this low angle. In this forward direction, there appears 
io be a diminution uf the shock froth brightness (c. mpared to the brightness on the side). This 
is in contrast to tne higher angle Polaroid observations of Dakota (Section 3.2.11). Presumably 
this darkening in the line of sight is due to self-shadowing by the roughness of the shocked water, 
which is here seen at nearly grazing incidence. 

Ancther feature of these photographs is the narrow bright ring _.. the water surface inside 
the absorption shell, which is visible in bot’: polarizations as well as in the Apache Red photo- 
grapis. In Frame 148 a (spurious) streak has developed on the upper right of the ¢ series. 

A separ ition and rise of the fireball ig visible in late trames. 


3.2.7 Shot Zu.t. The photographic series of this 3.38-Mt shot is presented as Figures A.80 
through A.92. This Red series is taken from an observation angle of 25°, which is 6° higher 
than the Apache Polaroids. 

In Frame Zero the relatively large number of local clouds is brightly illuminated; the fire- 
ball is not well reproduced, but it shows clearly in the original negative. Frame 12 (minimum) 
shows rather iarge hot spots and the horizontal dar.’ belt, as well as the structure effects only 
occasionally resolved in the Red. The limb darkening here is quite apparent. In Frame 27 the 
absorption shell is seen to obscure light from the upper-right cloud, which is unusual in acting 
as an excellent viewing screen. ‘The plume has a bright, luminous . town about 500 feet across, 
which has evolved from the large hot spot at 3.1, 38.2 in Frame 12. By Frames 55 and 83 this 
bright area has cooled to such a degree that it ia no longer distinct from the rest of the plume. 

The obscuration of tle cioud by te absorption shell is even more clearly showa on Frame 55. 


Frames 83 and 121 have been printed to show the Inne; absorption shell, which is bright bui still 
transparent to the ilght from the shork froth on the s:de of the fireball. In Frame 121 (second 
thermal flux maximum) the narrow (~ 150-foot) bright ring on the water at 6.0, 37.0 shows in- 
sidg the absorption shell. This ring appears to evolve into the water wave which appears in 
F-ames 165 et seq. and which is a dominating feature in Frame 459. By Frame 212 there is 
evidence of the r’sing of the fireball, it is quite well separated from its base by F. me 368. 

Note that the dim inner absorption shell fills up this cleavage (Frames 286 through 459). The 
outer absorbing region is resolvable on all the original photographic frames. 
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completexess and in the interest of showing some of the qualitative facets on the oniy megaton: 
range air detonation in the series (Figures A.93 through A.108). 

The situation of poor resolution is complicated by the large number of cumulus and cirrus 
clouds in the field of view of the camera. Th -° fireball at first appears like a bright crange 
sun (the colors shown bythe Kodachromie are not to be taken too serlously "ecause of possible 
saturation effects) which has a specular reflection in the water, similar to ‘hat of the Apache 
Polaroids except for the effect of the 5,000~-foot altitude of burst; this reflection is visible up 
to Frame 239. The fireball appears white in the Kodachromes in frames near second thermal 
maximum, The air shock touches the witer at about Frame 38; however, neither shcck froth 
nor any absurction shell are resulved in the Kodachrome pictures. The fireball should touch 
the water surface at maturity, about Frame 100; this also is not observed. In Frames 311 et 
seq. the old fireball appears to start to split in two about a horizontal centerline. Wilson 
clouds, not clearly indicated in the reproductions, enclose the firebal) at late times (:) Frame 
200). 


3.2.9 Shot Navajo. This is a rather routine Red series for this 4.5-Mt detonation (Figures 
A.109 through A127). The bright area that is to become the plume shows a dark ring around 
it in Frames 11 through 32, much like an absorption shell; however, part -f this may well be 
the dark smoke of the developing plume underneath the bright topknot (note the low-angle Apache 
and Zuni views showing the topknot above the plume); but the local absorption shell is larger 
than the plume at thia time (see, for example, Framie 24), and this cannot be the full explanation. 
A flaw in the optical system shows as a dark streak in th: lower right from Frame 15 on; und 
there is lens fogging from Frames 141 through 321. Wilson cloud is visible in Frames 650 et 
seq. One feature that does not show In the reproductions, is that the absorption shel! is notice- 
able up to Frame 950. 


3.2.10 Shot Tewa. This is also a routine Red series, albeit a rather dim one, for this 4.6~- 
Mt shot (Figures A.128 through A.140). Note that the air light in Frame Zero is not very intense, 
and that the horizontal befurcation of the fireball shows up through Frame 66 (half the time to 
second thermal maximum). It is hard to reconcile this loss in surface brightness of the bottom 
part of the fireball with the photogrammetric parameters; the slant range of 50,000 feet is not 
anywhere near large enough to explain the loss as being due to increased attenuation (Chapter 
4). The fireball surface structure showa clearly in late frames. 


3.2.11 Shot Dakota. In this section are presented commentary pertinent to eleven series of 
photographs from this 1.1-Mt shot (Figures A.141 through A.256). The photographs serve to 
point out the important features to be discussed in Chapter 4, as well as the less critical ones 
that merit only a passing notice because of their small {nfluence on the thermal flux, 

The photographs include one Red-Blue pair from each of the four alrcraft; one Poiarold 
pair; and a single Blue telephoto series complementary to a Re:'-Blue palr (some of the other 
Red-Blue pairs are telephoto also). The details of the photography are given in Table 3.7. Not 
ali the sertes show the same frames, as there were some cases of lens fogging or other mal- 
functlon, and some of the B'ue photographs are so underexposed that frames before 2/3 tmaxll 
are not shown. In general, however, an attempt wag made to show Frames Zero, 7 (minimum), 
15, 30, 45, 66, 90, 115, 150, 200, 250, 2%5, 375, and 425, (at which time 45 percent of the 
integrated thermal flux has been emitted) . 3 being representative of the course of the thermal 
pulse from the detonation. Other photogr: »hs appear {n some of the series. 

Red-Blue Pair (Figures A.233 through A,256), This is a typical pair, with 
good Red-Blue comparison; the two frames at second thermal maximum will be discussed in 
detail in Section 4.5.2. The Blue fireball is not visible at i ermal minimum. In Frame 20 tho 


plume has a bright crown. 
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{from the water surface. The explanation of this phenomenon is not clear; the belt ray be re- 
lated to a shock wave reflected from: the water surface (Mach froat). The photographs de not 
allow any upward motion ta be resalved. This belt fs resolvable densitometrically up to Frame 
80 (it ia noticeable at the limbs of the fireball in the pactographs). if ts about 356 feet ia width 
(in the vertical direction), and in Fra:aes 30, 40, and 50 its anparent beighineas (uncorrected 
for air-light) is about half that of ita neighboring fireball points. Thia belt ia usually visible ta 
the Blue and Pularoid photographs; it is not seen in 36303 Red, but it is visite ir many of the 
other Red series. 

The bifurcation of the shock froth and the vbscuration by the shocked alr show very well in 
the Blue. In particular, in Frames 3% through 70, the light from the island to the cight of the 
fireball ia strougly attenuated as it passes through the air shock. 

In late frames the Blue fireball again appears highly stcuctured, or puffy. Thia roughness 
is of course seen on the microdengitometer traces. The vertical streaks on Frame $7 and on 
some other Red frames are due to faulty photographic printing. 

Red-SBlue Pair (Figures A.205 through A.215). The shutter of the Red Frame 
Zero opens at Time Zero plus 6,003 second; the actual fireball subtenda only 1,° on the film, 
although it appears much larger in the reproduction because of the short density scale of the 
photographic paper. The Red air shock is vis:bie in Frames 30 and 45 (after this the lens sys- 
tem becomes clouded). The original tslue negative was seratched, and the photographic densities 
rather low. Note the dark belt on the Blue fireball in Frames 35 and +5. 

Red-Blue Pair (Flgures A.141 through A.158, and A172 through A.182) 
The oualitative view of the general behavior of the air-light befora it is masked by the shoc' 
froth after breakaway, appears in Frames " through 4 of the Red series. The growth of the fire- 
ball up through Frame 10 ia clearly shown. Note the but spots in Frames 5 turcugh 10. Limb 
darkening ia quite apparent, and seems to increase, in Frames 6 through 10. Breakaway occurs 
before Frame 8, when the shock froth is just visible. A hint of the horizontal flreball dark 
beit, which is more easily observed in the Blue, appears in Frames § and 9; however, it is not 
resolvable in Frames 15, et seq. Note that the darkened limb develops into the absorption shell 
(Frames 9, 10, 15), which appears quite opaque in all frames. These pictures show the diffi- 
culty of calculating the absorption coefficient of this shell; there is considerable savattered light 
from both the shocked and unshocked air. 

The island (Dog) appears to have a amall cluud over it (this may be some local imperf: ction 
in the camera or filter system; it appears in later frames but ft ts not observed in the Blue). 
The ratio of shock froth to average island albedo, corrected for air-light by subtraction of 85 
percent of the neighboring water contribution (Section 4.5.2), is about 1.25 to 1 (1.25). Since 
the nilcrodensitometer trace showa the unevenness and gralininesa evident on the photographs, 
this ratic cannot be found with good accuracy. 

The Blue photographs show the characteristic dimness of the {lreball in the neighborhood of 
thermal flux minimum, In Frame 13 several hot spots are visible, tur example, the diagonal 
pair near 6.8, 38.2; by Frame 1» the fireball continuum show" dimly. Near 38,5, /.5 is a rela- 
tively large structured bright region on frames 13, 14, anc: that la agsoclated with ‘he plume. 
On the original negatives the plume is seen to begin to @:: im earlier and over a very much larger 
area than thia bright region. The latte. region tends {.) rem :in at or near the top of the plume; 
eventually it darkens and ¢’sappears. 

In Blue Frames 66, 96, 115, and 150 the island is within the a! ock froth and albedos can be 
compared. Aga.:, 2 camera malfunction, which produced the broad horizontal streai across 
part of the islan', interfered somewhat with the measurementa. The ratios (uncorrected fur 
air-scattered light) of the ahock froth albedus to the average shacked island albedos, measured 
in three frames, all lie within 10 percent of 1.2. Any correction of this figure for ale-scattered 
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rativ of aluedos gues up to about 1.5; and if an adivetment ia mie hy subtracting only 50 pe 
cenl of the outside vrightness the ratio ig 1.9. These data should he regarded as restricted 
the observation abyle (about 60°) and azimuth and angle af bacidence (see photog7aph! of thi 
vouervalicgn, Note that the Blue albedo ratio apprars somewhai higher than the Red (out see 
following section). 

Red-Blue Pair (Figures A.1#3 threugh A.204) and Complementary 
Blue Telephoto (Figures A.159 through A.LTIi). The Biue telephoto scrivs : 
the hot and dark spots, ‘he horizontal belt (albeit poorly: Frame 30), and the billowed curia 
etd crescent shape of the luminous area in late (3 st V frames. While this Blue cir. 
is generally absorbing (bifurcation of shock froth, darkness of area vehind fireball), i uppe 
faintly bright (n the upper left and upp = right of the fireball in Frames 66, 90, and 725. 

The :ai.o of une uncorrected shock froth albedo to the island albedo, in Frames 99 anc! 1] 
of Series 35923, is close to 1.3. If this ratio is corrected by the usual subtraction of 88 (es 
of the orightness just outside the shock froth (see the discursion in the last secttan), it jumy 
1.6; 4% 50 parceta of thir ’ hiness ig subtvacied, the ratio is between . “75.5. Poe nar 
reservatiuns appiy as } on 9.6.3, In Frame 90, attenuation of the ibe “ont Se see tin 
reef. a8 it passes throug: .e air shock (near coordinates 1.5, 39.0), in dé@ter spie, 

Series 362393 and 30236 will be discussed in deta’: ‘ection 4.§.2 che Blue fireball bel 
dves not show ip beane 45, The Red oc ogranhs snow ihe shock frot  pabsites over the isl: 

This pair of pholegrauphs gis ° a good comparigon of the plume properties. The Blue plu 
is about 35 percent ‘sidet the athe Red at thermal flux maximum (Table 4.1%), a:d 50 percen 
wider at 4 tere hi Tre Blue plun.e is dark, while the Red plume has 4 brigu: - -ntral area, 
i. narticularly apparert in the reproductions of lute (.1250) frames. The Red plume appear: 
fact, reasovably bright throughour, as Table 4.18 indicates. 

The cations of the Red shock froth to the island albedog, corrected for air-lignt as indicat 
and measurec in Frames 6C, 90, and i145, are ail within 5 percent of 1.25. It appears from 
these results, and from those of Flathead (Section 3.2.5) that the Red albedo ratio is somewl 
legs ihan the Blue albedo vatio: ulpc? the shock froth should be white (Section 4.5.2), this po: 
yp the cbyervaticon that the isaeod albedo is Ligher at longer wavelengths, which is a rather < 
mon property of powdery surfaces. 

Polaroid Pair (Figures A.216 through A.232)}. These photugraphs will be 
discussed it. detail in sect.un 4.5.4. They show the fireball belt, and the hot apots out to thi 
fireball ecge; the .hsorptic?) shell appears alsu at these wavelengths. As iz indicated in Sec 
4.5.4, yross dhierescves between the two polarizations do not show In the microdensitometer 
traces, sc sunt appear in the photographs. Since buth shutter opening time and reproductiol 
expe are differ among frane3, even within a series, the appearance uf bright features ii the 
protog rinks --- particularly the air scaitering-— should mn . be taken as a quantitative measurs 
the 4 ight ess, 


2.3 SPECTROGRAPHIC RESULTS 


Mie vozonsitosce er curves of selected spectral f-ames are presented in Figures 3.8 throv 
300. The curves presenter aw eaca figure arc arranged to give a chronological spectral hie: 
ab the evont bebty, considered These are curves of films density versus vavelengih. The sp: 
tral reslution is 404 at 5.790 AL Because there was no provision for timing signals on the 
ST times are eclated to ihe firs! exposed frame, which ts takea tu be zerotime. Ata fram 
cate oF U4 fianies/sev, this means that the tines yuoted here cuuld be in error by ag cuuch a 
Woemoac. 

Fyrom exarinziion af Fag es 3.8 throug) 3.48 ft can be sgen thet all events opectrally ap] 
quity similar, The eariv spovlra podor to tho minimum are characierized by much «tructure 
imitesteng that mvdeculay aad/.. alomic emission and/or absorption processes ave the demir 
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The similarity of spectral detuils from shot to shot can be seen in Figure 3.20. This is a 


eumposite of ¢ -nsitometer traces of zero time spectra for se. 2ral shots. 
thei the principal stracture is identical in ail the spectra, 
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® In this event, the 8-47 ves positioned for aide loade, Noowe of the tal} instrurantation (otation 
b i, Figure aif was operetad, 
In this event, the H-47 uae post tioned for side loade, (nly one very sensitive inatriwert wee 
ypeyated in thy tall inetriment position (Station 1, Figure <.1) ond wea a beck-scatter instimemnt. 
The output of this Inatrusnt wea alinulteansously recorded on an ose ff logray’; and on Crequyiey- 
moduketed augnetic tape. 
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‘ Figure 3.1 Geometry of a vertically oriented receiver. This shows the 
combined influence of the obliquity factor, sec 9, and field of view of a 
detector on the energy received by a vertically oriented receiver. The 
receiver VPV’ located at P views the fireball D units away at O. The 
a fireball size is given by the shaded hemisphere about 0. The acceptance 
: angle M’ PM is so large that the direct radiation from O reaches VPV’. 
[3 
i 
‘ 
. 
4 
| 
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Radiont Exposure, cal /em® 


ay 02 ~ en s 10 20 30 1K 
Time, seconds 
. : Figure 3.: Radiant exposure as a function of time for Shot Dakota as measured by calorimet 
from B-57. The letters indicate the filters used, and the subscript V indicates vertical (dow 
> orientation. Filter A range: 0.7 to 2.5 microns; B; 0.9 to 2.5 microns; C:; 2.0 to 2.5 micron 
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Figure 3.8 Chronological spectral history, Shot Apache. 
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Pigure 3.9 Chronological spectral history, Shot Chevokee. 
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Figure 3.10 Chronological spectral history, Shot Dakota. 
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Figure 3.11 Chronological spectral history, Shot Erie. 
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Figure 3.12 Chronological spectral history, Shot Flathead. 
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Figure 3.13 Chronological spectral history, Shot Huron. 
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Figure 3.14 Chronological spectral history, Shot Lacrosse. 
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Figure 3.15 Chronological spectral history, Shot Mohawk. 
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r Figure 3.16 Chronological spectral history, Shot Navajo. 
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Figure 3.17 Early time spectra, Shot Tewa. 
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Figure 3.16 Chronological spectral history, Shot Tewa. 
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Figure 3.19 Chronological spectral history, Shot Zuni. 
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Figure 3.20 Comparison of zero time spectra. 
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Chapter 4 
DISCUSSION 


4.1 ATMOSPHERIC ATTENUATION 


4.1.1 Absorption by the Atmosphere. Much work has been done on the absorption properties 
of atmospheric water vapor and carbon dioxide. Perhaps the most complete investigation from 
the point of view of radiometry is in Reference 9. That report plus Reference 10 effectively 
gives the transmissivity of air from the long wave end of the visible region to beyond the 6.4- 
micron band of water vapor. To the precision required in these tests, there is no significart 
absorption by any c¢ the other permanent gases in the range 0.2 to 4.5 microns except for sume 
oxygen absorption near 0.7 micron. Figure 4.i shows the abscrption spectrum constructed for 
the permanent atmospheric gases and water vapor. This spectrum is constructed under the 
assumption of 60 mm of precipitable water and is of the magnitude and type used in analyzing 
data recorded by 8-57 calorimeters for Shot Dakota. The figure is schematic only and absorp- 
tion values can be obtained from the references cited. Subsequent checking has shown that there 
is no significant difference in the absorption spectrum of 60 mm of precipitable water as com-~ 
pared to the ambient 54 mm of prscipliable water for Dakota at time ze~o. Also the precipitabie 
water path increased as the aircraft moved away from ground zero. 

in the vicinity of the event, the temperatures and pressures are sultuble for the formaticn of 
oxides of nitrogen. Of these oxides, NO, and N,O, show strong absorption properties in the 
visible. The «sorption spectrum of the cther oxides of altrogen are in the infrared beyond 4 
microns. The NO, and N,0, absorption spectra are given as Figure 4.2. This curve has bea. 
constructed aw a composite from data obtained from severai sources (References 11 through 15). 

Although there may be other absorption gases in the path, the above is a summary of the ab- 
sorption characteristics of those gages that are known cr suspected to exist in the atmosphere 
surrounding the detonation. 

Table 4.1 presents tabulated values for the transmission of thermal energy through Pacific 
alr for the detonations analyzed in this report. A temperature of 3,600°K is assumed for all 
aventy except Erie (4,000°K) and Cherokee (6,000°K)}. The trangmissivities (T) are taken from 
Figure 11 of Reference 1. T= Fy+ TyFpy where FY, T,,. and Fyp are defined in Chapter 1. 
The water vapor content w is expressed as nuillimeters of precipitable water. 


4.1.2 Climatological Conditions and Atmospheric Optical Effects. Table 4.2 contains the 
relevant climatclogical data for the series of detonations. [ is noteworthy that the conditions 
are sensibly tho samie for all detenations. A typical figure for tie sea-level water vapor densi<; 
can be taken from the Dako’a data; it ig 22.6 gma/m?, (Py = 22.4 mm of mercury.) 

Gependence of atmos; 4ric attenuation cf the taermal radiation on loca! meteorological condi 
tions, as weil as the general behavior a7 this phenomenon, is discussed in some detail in Refer- 
ence 3. Some further treatment ts giver ts Reference 16. In what follows, it ic necessary to 
make the usual distinction between narrow-beam (coll. mated; and broad-beam detection aud 
attenuation. The cameras acts aw a narrow-beam deteciing instrument when it looks at small, 
sharp~edyed features, ior taultiple-scattered photens originating in such regions must have bott 
fortuitous direction and orientation to appear to come from a point oa the object. On the other 
hand, in the case of extended gourcey (fireball, sick froth, alr scatter) there should be consid: 
ereble crosstalk among nelghbosing locui areas because of scattering, aud a buiviup facter of 
the type discussed in Reference 1 should be used. Furtherwore, this scattered component may 
interfere with the interpretation of small-area data, and in fact thia will be shown to be the cass 
in several circurmutences, 
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here ig 0.04 km °. (Sluice the measurod attenuation was lound to be relaively wavelengtn- 
lnsensitive, the author concluded tiat it included a large coutribution from sea spray.) This 
figure should be coz:sared with that derived from Equation 12 in Reference 1, which is germ: 
to the present situation. This gives the usuai relationship vetween attenuation and visibility 
(in miles), (attenuation: coefficient) = 2.5/visibility) per kilometer. This formula gives a sea- 
level attenuation cf 0.2%,/iem for the nominal yisibilities of Table 4.2, in reasonable agreement 
with Reference 16. New the observation points (that is, the aircraft) are of course act at gea 
level, but at a range of altitude angles greater than 19°; therefore, it is necessary to use the 
methods of Reference 1 to take account of this effect jor calculating “he attenuation cf the light 
renching the cameras. 

The results cf such a calculation for Dakota, assuming the sea-level narrow-beam attenua: 
tion coefficient to be 5.0 x 107 it (visibility 15 miles) are shown in Table 4.3. (‘The ralcuia- 
tion also makes (the tacit azsumption that the scattering particles have the same (exponvatiail) 
altitude dependence as the air density.) Tne Blue is attenuated by about a factor 2 ¥, uader the 
typical conditious. The calculation should be valid for the Polarold photographs also, that is, 
up to wavelengths 7,000 A. These calculations assurae that all features are at ground zero, 
and so are only approximate; in particular, the fireball suriace extends a considerabie distan: 
along the line of sight. Furthermore, because of the aforementioned bulldu) effect, the fiux 
from the extended source regions will be attenuated by a far lower factor than that shown in th 
table. 

Red Aitenuation. in the near-lufrared band of wavelengths passed by the Red filter, 
6,800 to 0,000 A, there is some absorption by water vayor but a reduced attenuation by scattel 
ing from molecules and aerosol particles. Fortunately thie wavelength baud is closely matche 
to one of the windows treated in detail in Reference 17, 7,000 to 9,000 A For an atmosphere th 
ia very clear in the yisible, it ig found that ta this window the (collimated) selective transmis. 
glon To, Sits the formula 


Teg = (0.998) (1.063 - 0.152 logy w), | (4,4) 


where w is the water path ‘a precipitable iwnillimeters. A atraigiitvorward argument, followir 
a recipe for w quoted in Equation 18 of Refereace 1, gives 


W * 2.9P, cao 9(1 — @7A/ 7-28 x 10°) (4.2) 


where P, is the sea-level vapor pressure of wator ui millimsiees of mercury, and A and 6 tk 
altitude (in feet) and aititude angle of tne point Ss observation, Values of w for Dakota are 
given in ‘fabie 2.5, as are the transmissions. (Again al! surfaceu aro assumed to be at groun 
zero.) Note that the selective transmission is quite ingensitive to the water path (as the form 
of the equzitlon verifiles). 

To find the total window transmission, it is necessary to multiply this selective transmiss! 
by a transmission factor appropriste to tue visibliity, that is, a factor that accounts for the 
scattering by moltcular aad miscellaneous alzborne particles. This requires a rather bold lr 
terpolation of some badly scattered data in Figure 14 of Reference 17; this air-acatter factor, 
and the overall Red transmission, are given in ihe last column of Table 4.3. It can be seen tk 
the increased water absorption und decreased scattering roughly compensate one another, anc 
that the narrow-beam aitenuation of these atmospheres for the Red and Blue systems will be, 
sensibly, about the same. Furthermoze, the buildup in the Red will be but little different fro: 
thai in the Biue, and wo the uncollimated atmospheric attenuation will be very close also 
(Reference 16). 
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at any given angle, to the path length toward the zenith). it was found that over the range of 
1.04 to 7.01 air masses, to following held {9 within the experimenta: error: (1) intensities re- 
corded as a function of wavelength for the 46° field of view quartz dl fuser varied with air mass 
in ® manner consistant with the Reyletgh scattering calculations of R. ference 18, and (2) inten- 
sities yecorded as a function of wavelength for the 160° field of view o; ul diffuser showed no 
variation with alr mass. This is in agreement with the wide angle sca::ering calculations of 
Reference 19. 

The sotar tntensities measured with the quartz Giffuaer were corrected using the data of 
Raference 18 and fitted to Wien’s approximation to Planck's law. The intensities measured with 
the opal difiuser were fit directly to Wien’s law with no correction for atmosphoric scattering. 
“rom the data, a oerice of solar color temperatures were cotaine’. Table 4.4 presents a tabu- 
iation of thess results, together with the color temperatures dete: nined from a similar treat- 
ment of the data j References 14, 29 and 23. 

The average sciar spectral in.onsities extrapolated to cero air maas as measured on Eniwetok 
agree in 2bgsolute value to within + 21 percent with these given in Reference 20. it is felt that 
this is an indication of tne highest degree of accuracy that can be expected from any field meas- 
ur mente made with the spectrograph deacribed in Chapter 2; in general, the errors will be 
gr: ster. 

Asa res uit uf this transmiesion atudy, ail dita taken with the quertz diffuser was corrected 
using the a: attering coefficients al Reference 18, anc no correctiors were applied to the data 
taken with the 160° opal diffuser, 


4.4 ANALYSIS OF CALORIMETER AND RADIOMETER DATA 


4.2.1 Dats Rellabliity. A close Inapection of Table 3.3 indicates that the data ie not as homo- 
geneous as might be desired or expocted. This inck of homogeneity can best be illustrated by 
plotting some of the data given in Columo VII ae a function of the alant range for the instant when 
maximum izradiance was recorded. This plot of E veraue 2 ie given ta Figure 4.3. 

In Figure 4.3 data 7com three different alrcraft-— B-47, B-37, and B-66—are plotted for 
those devices that were positioned on bargay, which were of the largest yield, and for two lqwer 
yleld tower detonations. Ail tnstruments viewed (he fireball directly through quarts windo@. 

A preiiminary investigation showed no significant differ race bet@eas. the inetrumests with a 90° 
field ci view and those with a 160° field of view. From tigure 4.3 agvere! statemnta can be 
madi. 

1. A large amount of variability exists among the various inatrumenia on the game aircraft 
purporting to be recerding the same evi nt. An inapection of the original records and processed 
date indicates that in many cases saturation effects occurred, which caused the readings to be 
low. A verificatio. of this point can be obtained through a compariagon of aome of the data where 
filters were uged with the calorimeters and the data where filiera were not usat. In eome cases, 
the filtei date shows rcudiant exposures great¢r than those recorded by tho unfiltered calorimeters. 
From Table 3.3, for example, in Shot Dakota, under the B-47 gircraft, a compariaon of the sixth 
entry with the eighth entry shows that the exergy in the wavelength region from 0.) to 2.5 microns 
ia greater than thet over the entire spectral segion from 0.2 to 4.8 microns, in other cases, the 
integrated radiometer data shows values of the radiant exposure comparable to the highest values 
of the unfiltered calorimeters, The radiometera in every cage had a quart: window, ao that the 
integrated radiometer data ahould b" wamparable with the unfiltered calorimeters. 

Tr explanation of these effecta it.) noted that thermal damage to the filtera and viniows is 
commer sad can chenge the iransmiseion characteristics of the windows during the period of tha 
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cident on the detector. Although the possibility exists thet soiae instruments may indicate high 
and that this error is not removed by calibration, the weight of the cvidance indicates tnut the 
low values are in error. Using these highest values, there is In many cases good agreement 

| between calorimeters and radiometers fo: « given event and aircraft. 

Typicai calorimeter data is shown in Figure 3.6. A common problem is tliustrated here. 

' Three calorimeters located tn ths same aiv craft at the same station simultaneously receive 

i radiant energy from Shot Apache. As indi :ated on the diagram, the three calorimeters had 

‘| quartz windows and either 90° or 50° jielde of view. The differences between curves cannot & 
j ascribed to variations in field of y ‘w; a general analysis of the resulta shows no correlation 
here. Although it appears that = owest curve can be Drought into reasonable coincidence with 
; the two upper curves through muitiplication by a constant (in effect a uew calibration factor), n 
nonsubjective evMence that is available permits doing this. These instruments are presumed | 
be calibrated in absolute units and in the absence of evidenc~ to the contrary, this calibration 
must be accepted. 

} 2. The average value of the specli_c thermal onergy from barge shots is shown as the solid 
{ horizontal line of Figure 4.3. This figure indicates a reascnable acsumytion for the specific 
thermal energy under these conditions ts E = 1.3-km/cm?-kt. The slant range is restricted tc 
be in excess of 5 km. If eiditional data from two tower shote is averaged in with the barge dat 
the average value of E t.comes 1.4 cal-km?/cm?-kt. This independance of range is expected, 
because a consideration of the water vapor spectrum ind the high water vapor content of tropic 
Pacific air leads to the conclusion that only a short distance ia required tc rsmove nearly all o 
" the energy falling within the water vapor absorption bands. An Inagection of the last column of 
i Table 4.1 illustrates the magnitude of the var.aticn in total transmission that occurs in moist 
Pacific air, No haze correction has been mads nor has a corrsction been made for atmoeg!l-er 
gases other than water vapor. With the exception of nitrogen dioxide whose concentration is u 
known, carbon dioxide and hase are assumed to giv) sma! but constant attenuation, a not un- 
reasonable assumption. The tests were conducted under coaditions of good visibility, t.e., lit 
haze. Visibilitles were reported as 10 miles or more for all events listed in Table 3.3 with th 
exception of Shot Zurl; a visibility of 6 miles wae reported “or this event. 

No correction for transmlesion differences haus bean mace to the data used in constructing 
Figure 4.3, because the scntter of data obscures any effect ar'iing from these differences. 

Although the scatter of individual data masks the effect, close inspection indicates that the 
radiant exposure may have an angular dependence of the form discuesed in Reference 1. The 
angular dependence can be beat descrived by reference to Figure 3.1. This figure showe that 
an aircraft at a small angle ¢ (nearly over the firebail) will see more of the fireball surface 
than will an aircraft flying at a large angle ¢. In Reference 1, consideration of the firebali 
brightness and projected area led tc the postulation of a com ¥, @ dependence for surface burat 
To teat this postulate, Figure 4.4 is presented. 

Figure 4.4 includes all of the partinent data from aurface shota—- Zuni, Flathead, Dakota, 
Apache, Navajo, Tews, and Huron. The values of E were taken from Column YI of Tabie 3.3 
Figure 4.4 im in two parts, the upper graph eho wing E as a function of 9, while the lower shov 
E/cos */;4 a8 a function of 0. 

The apread in the individual points fs considerable, b ¢ it appears that 


_= —- « 3.45 {Cueve Aor C) {4.3) 
coe he 

le a better {{t to the data than 
FE = 1,28 {Curve .°) (4.4) 


In the angular range 0° < .:< 60°, elther ex,-ression fairly represents the data. 
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aawoUW VA WEG WaLUh DULAALE (UULU We WUtained vy placing Caiorimete7s in the underside oi the 
fuselage with the detector surface parallel to and viewing the mean water surface. Czlorimeters 
oriented to this geometry have been designated as vertical calorimeters. Unfortunately, as 
Figure 3.1 suggests and Column IX of Table 3.3 verifies, the vertical calorimetera see the e tire 
fireball and its immedis e surroundings. As a result, no Ir ormatior can be gained concerning 
the relatively small flux reflected from water areas far from the fireball. 


4.2.2 Comparison of Observed Data with Predictions. One of the most important results 
that emerg ‘s from this study is the verification, or lack of same, of equations, graphs, or 
nomcgrame that were used for predictive purposes. A method which is used to predict the ra- 
diant expost're is described in Reference 22. In this refereiuce, the yteld of the burst. the height 
of the burst and the distance of the receiver from the source, the yolocity of the aircraft, the 
moisture content in the atmospheric path, the height uf the haze layer, and the visibility are 
parameters used in arriving at a forecast of the radiant exposure. Of these parameters, the 
forecast radiant exposure is least sensitive to the ratio of the visibility to the height of the haze 
layer anc moat senattive to the range effect. These conclusions, which seem to be nearly self- 
evident, were reaffirmed when recalculating the predicted @, the radiant exposure, using ob- 
served values of the parameters. It was found that the predicted Q on recalculation was in 
genezal within a few percent of the Q predicted on the basis of pianning data. That this occur- 
red depended overwhelmingly on the fact that the planning data on the yleld of the weapon and 
the positioning of the aircraft was that subsequently measured in the test. As these tests are 
always carried out in relatively clear air so moisture laden that water vapor abaorption is near 
maximum, the weather parameters are essentially constants in the predictive equations. This 
point can be illustrated as follows. 

Figure 4.5 is a plot of the observed radiant exposure Qjpg, versus the calculated radtant 
expoaure Q,9,- The planning data, computed from the nomograma of Reference 22, reter to 
the radiant exposure on a horizontal detector. The bulk of the data has been taken with the 
detector surface orlented toward the fireball rather than being parallei to the earth’s suriace, 
thus a sec 9 correction fa-tor (Figure 3,1) ha» been incorporated in calculating Q,.,, approxi-~ 
mateiy correcting a horizontal receiver to one oriented toward the firebali. The acattering of 
the « baerved data is Large, but the trend in correct. The data scatters approximately evenly 
about the verification line, the solid line at 45° inclination. It is reasonable to state that on the 
average, the methods used to predict the radiant exposure Qobs are good. The unfortunate 
situation exista, however, that the spread in the observed data is ac iarge that detalled verifi- 
cation cannot be nade. The spread in the observed data at any one predicted radiant exposure 
is as large as, for example, the difference between 21 and 42 cal/cra’ for a predicted value of 
27 cal/cm’. 

Because the scatter in cbaerved data is so large, a rather simple picture of the thermal radi- 
ation process might be visualized. Figure 4.4 indicates that the value QW cos 0 ‘s, to 
within the confidence that can be placed in the data, equal to a constant independent of range. 
The value of the constant is 1.45 cal-km?2/cm?-kt. Using thia value, Q-¢,. is found for each burst 
from 


Qrec = 145 5 con 0 (4.5) 


The equivalent yield W, the slant range D, and the zenfth angle @ are known. In this formula, 
W must be expressed in kilotons a: 1 D in kilometers. The resulting Qrec is In units of cal/ 
cm’. The measured radiant exposure, Qobs: 18 plotted against Q,,,. in the manner of Figure 
4.8 to construct Figure 4.8. 
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equation waa constructed. The conclusion that can be drawn from these two figures is tha re- 
fined prediction techniques are unnecessary and perhaps misleading as long as tye data fron: 
which theae progiwstic techniques are developed have the present lack of precision. 


4.2.3 Comparison of Thermai Yield from Air Drop and Barge Shot. Shot Cherokee was the 
only air drop. The aircraft data is meager so that a comparison of the thermal yiel:! for this 
air drop with the thermal yield from a barge shot could only be made in a few instances. The 
barge shot selected for comparison was Shot Zuni. The only usable data was that from the B- 
47 aircraft. Comparison could be made between three sets of calorimeters and three sets of 
radiometers. 

Since the range at the second maximum for Cherokee was 64,420 feet, and that of Zuni only 
45,910 feet, while the weapon yields were similar, tha thermal exposure and irradiance data 
were nurmalized by multiplying by D/W, the ratto of the square of the slant range by the yielc. 
The normalized data was used in the following way to construct Figure 4.7. 

Three calorimeters were found for Cherokee that had thermal records that e ctended to at 
least 18 seconds. Each cI the three calorimeters had a diiferent filter. The first had just the 
quartz window, symbol Q, the second filter A, and the third filter B. The transmission inter - 
vals measured in microns are respectively 0.2 to 4.5, 0.7 to 2.5, and 0.9 to 2.5. In investigatin 
the Zuni data from the same aircraft, it was found that the same instruments in the Zuni and 
Cherokee events were equipped with the same filtezs. This fortunate state of affairs enabled 
the comparison to be made with the same instruments equipped with the same filters for both 
Zuni and Cherokee. The ratio of the specific thermal yield Echerokee’ = zunj was taken asa 
function of time where E is defined by Equation 3.1. This gives the first three curves of Figur: 
4.7. The filter ia the constant parameter for each curve. 

The fourth through sixth curves of Figure 4.7 are constructed in the same manner as the 
first three curvas, except that the sensing instruments were radiometers instead of calorimete: 
No filters were used, only quartz windows. In this set of measurements, comparison could 
also be made between the same three instruments for both Cherokee and Zuni. Here the com- 
parison ia between rates at which *nergy is received, rather than cum:.ative amounts of energy 

The evidence supplied by Figure 4.7 (excluding the third curve from the top) and the data fro; 
Column VII of Table $3.3 ahucy thet “se specific thermal yield of Cherokee is of the order of 0.8 
the specific thermal yield of Zuai. Stated a bit differently, it appears from this one set of data 
that an aircraft will receive at juasi oa much and perhaps more thermal exposure from & surfac 
burst than it will under comparabie conditions from an airhurst. Several factors may contribut: 
to this effect, and these more .har ccmpensate for the reduced fireball area presented to an alr. 
craft flytug at a low elevation angle in :eapect to the firebail. These factors include an enlarge: 
ment of the hemispherical radiua of a greund burst over an equivalent airburst, ‘he high albedo 
of the shock froth, and the scatterirg by the alr and clouds. All of these effects tend to increas 
the thermal! flux. A discussic« of these effects ia presanted later. 

Using the equation inz the inermal exposure Qp given in Reference 1 and using the available 
data on the characterica of the device, the positions of the aircraft, ana ambleut weather condi- 
tlona, it was calculated that the total radian? exposure that would be received on a horizo:.tal 
detector in the B-47 aircraft for Cherokee was 13.8 cal/cm? distsiputed suci that 8.1 cal/em‘ 
were received in the visible and 5.7 cal/cm’ ware received {tn the infrared. Corresponding 
values as calculated for Zuni gave respectively, 13.9, 1.6, and 12.3 cal/cm’. A surfuce albedo 
was chosen as p = 0.6. 

The only available data from Table 3.7 *> check these calculations were the seccand entry 
undez Cherokee and the first and second entiiss unsctr Zuni. Tee Cherokee value was 4.69 
cal/cm’ recelved in the infrared. The Zuni values were 18.6 cal//cm? total ae4 13.0 cal em? in 
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exis: in the dala. 

A comparison between theoretice! and experimental thermel exposures for calorimeters 
pointed dir:ctly at the fireball is not so straightforward, mainly pecauce ci the approximate 
correction made to Qp in order to estimate the cirect radiant exposure. The correction is 
ge metrical, and rotates the horizontal receiver to a position where the normal to the receiver 
surface points cirectly at the fireball. This rotation, of course, maximizss the direct flux 
incident on the receiver, but {s noi a rigorous correction for the scattered and reflected fluxes. 
However, as the theory {s relatively insensitive to the indirect as compared with the direct 
flux, the orientation of the receiver in respec: to the direct flux is 2 factor of primary magnitude. 
In terms of the angie 6 of Figure 3.1, Q,. sec 4 is an estimate of tt 2 di-ect flux. For Chero- 
kee, this increases the total radiant exposure from - 8 to 24.6 cal/cm’, and for Zuni the cor- 
responding value increases from 13.9 to 20.0 cal/ em?, The ratio 24. 0/20 0 *« 1.2 is 50 percent 
higher than the 0.8 estimated from Figure 4.7. 


4.2.4 Determination of Irradiance from Calorimeter Data for Shot Dakota. Since Shot Dakota 
has been selected to receive a detalied photographic analysis (Section 4.5), an attempt will be 
made to extract more information from the calorimetric data thet hes already been presetuted 
in Table 3.3. The method to be used, though basically sound, leads to results of limited value. 
This etatement is made for two reasons. First, there is a rejatively large uncertainty in the 
accuracy of the atated experimental values. Second, the stated wavelength interval is only ap- 
proximate because of the specific transmission characteristice of the filters mentioned eartier. 
With these limitetions in mind, Figure 4.8 has been constructed. 

Figure 4.6 is a plot of the irradiancy in severai narrow wavelength intervals as a function of 
the logarithm of time. The direct energy from the fireball of Shot Dakota was measured. This 
curve is a derived curve, constructed from fiiterad calorimeter data. Intheory, the s!ope of 
the time-dependent radiant exposure curves (calorimetor data) yields irradiance. The ciffer~ 
ence in two irradiances, each filtered differently, that view the same thermal event for the 
pesition in space ie used, This jifference is just the irradiance that would Le received by a cal- 
orimeter having a filter whose transmission was the difference of tho two filters used. By this 
differencing technique, it is possible to estimate the irradizices for the wavzlength intervals 
listed in Table 4.5 

Figure 4.9 is similar to Figure 4.8. In this figure, the irradiance from Dakota meesured 
by calorimeters pointing vertically downward is presented. Gecause of the obiiquity tactor dis- 
cussed in Chapter $, the irradiancy in Figure 4.0 is less at any instent of timo than the irradiancy 
given by Figure 4.8. Like plote for other evente showed similar characteristics. 

No particular iaferences vould be drawn from the fact that the time to maximum irradiance 
cf curve Q-A in Figuro 4.8 is greater than times #'sown by the other curves. The smoothing of 
the data and subsequent numerical differentiation dves not lead to curves of sufficient accuracy 
for evaluating such fine deta}. 

In constructir ¢ these curves, smoothing of the data is necessary. This precaution is es- 
pectally pertine ¢ when large zounts of data ars processed by machine methods without the in- 
clusion in the p.ogram of » smoothing routine. Otherwisc, the slopes, and hence the irradiancy, 
are extremely sensitive to small errors in the calorimeter data. The smoothing of these curves 
was accomplished by using @ running mean of five points, where each point wa# of the erder of 
0,05 second apart. 


4.2.5 Radiomstric Determination of the Source Color Temperature. An indi: -ct product of 


these thermal meceurements Ls an satimate of the effective biack body temperaiure of the source. 
For this section of the report, the color temperature of the source wiil be defined a: that tenip- 


88 


SECRET 


i 


= 


The resulta of this analysis is a curve of temperature as a function of time (Figure 4.10). Thi 
figure indicates that the highest temp-rature attained was of the order of 6,000°K. This peak 
temperature occurred at the instant when maximum irradiance was measured, This high temp 
erature ia about a factor of 2 greater than the 3,000°K temperature assumed for surface bursts 
in Reference 1. 

To derive the da!« from which Figure 4.10 was constructed, it was assumed that the ratio o: 
the irradiances measured in two different filter regions was just the ratio of the black body 
energy leaving the source corrected for the known absorptions. The known absorptions for the 
regions selected are due to water vapor, carbon dioxide, and the filter absorptiona. The vislb 
region was not used decause of the unknown transmissivity of NO, and N,G,. Figure 4.2 gives 
‘he absorption per unit length at standard temperature and pressure for these two gases, dut 
as the concentration, temperature, and distance from the fireball of the gases was unknown, 
no transmissivity could be determined. In the vicinity of the fireball, absorption and re- 
emission of radiation is a complex phenomena for which Figure 4.2 is of limited validity. 

Madiosonde balloons launched just before the event indicated that 54 mm of precipitable wat 
occupied the path the radiation subsequently traverm 1 between source and receiver at time 
zero. The carbon dioxide content of the atmosphere is relatively constant and known. Thus, 
it was poselble to estimate the transmissivities of water vapor, carbon dioxide, and the filters 
as functions of wavelength. These transmissivities will be indicated as 1,, 7;, and 7), respec: 
tively. The subscript i is a general filter index, where the index system is the same as used 
earlier in Chapter 3 (Table 3.4). Using symbols, it is expected that two instruments on the 
same aircraft which review the same event, will show the following ratio of irradiances. 


H So tata pe(T)AX 


i = een (4.6) 
B-C TT? Ty Cc €(T) AA 
In the above equation 
set (4.7) 
ot ° 
e = 


tie black body intensity function expressed in conventional symbola. This function is tempera 
ture az weil ac wavelength dependent. Tables of this function exist in a form suitable for com 
yutation. If email and uniform intervals 4A are chosen and the 7’s and <(T) are replaced by 
their mean -aluas over the interval, Equation 4.6 takes the simple ‘orm 


Ha Xt,7:)T ¢(T) rh (T) 
Hp-c Ree L RS wae) €(T “AB_¢ 
In practices, the summation ls taken over all intervale where +, _ BO 7p has a value ot! 
than sero. 
The ratio Dhyg_ p(T)/Zhpg_c(T) can be found from available data using several arbitrary 


temperatu:sa and the results plotted as functions of the temperature. This procedure leads t 
Figure 4.11, constructeil for the following p+: ameters 


Water vapor 60 mm of precipitable water 
Carbon dioxide 250 atmosphere-cm 

Filter A-B 0.7 to 0.9 micron 

Filter B—C 0.9 to 2.0 microns 


These pare icters dsscribe Shot Dakota as viewed from the B-57. 
To consiruct Figure 4.10, the irradiance data as derived {rom the filiared calorimeters to 
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ee = hee “oR 7M 
where th leiter subecripts represent the filters described earlier. The ratio of irradiances 
changes with time. Assuming the equafity specified by Equation 4.8, Figure 4.11 can be entered 
to find a temperature consivtent with the observed ratio Ha_ p/ Hp c: This temperature plotted 
at he time this ratio was measured is a point on the graph, Figure 4.10. 

It is unfortunale that more spectral reglons are not available for analysis, so nat these re- 
sults can be checked. Data from the region 2.0 to 2.5 microns was not used because of the low 
signal-to-noise ratio and the low signal level exhibited by the data. The reglon from 0.2 to 0.7 
micron could not be used because of the lack of information concerning the transmissivity of 
NO, and N,Q,. In principle, the average transmissivity of the combination of these two gases 
could be determined if the validity of Fig:.re 4.10 is accepted. An equation of the form cf Equ:- 
tion 4.7 would be used, except that T is now known and one average 7 is unknown. Here 7 
is defined from 


TL 72 €(T) = Day t, y . (4) (4.11) 
The crudeneass of the data does not merit this additional refinement. 


4.3 ANALYSIS OF LOW-RESOLUTION SPECTROGRAPHIC DATA 


4.3.1 Structure Identification. Considerable effort was spent in trying to identify the absorp- 
tion structure shown in the spectrographic traces (Figures 3.8 through 3.20). The results of 
this investigation are shown In Figures 4.12 and 4.13. Figure 4.12 is a composite of laboratory 
absorption spectra of NO, taken at various amounts of absorber concentration. Figure 4.13 
presents a comparison of the laboratory absorption spectra with two trames from a typical 
shot. It is evident, from data of this type, that in the syectral region considered nearly all of 
the spectral stricture can be attributed to the absorption of radiation by NO). 

The amount of absorber present was determined by the method described in Reference 23. 
This involves the use of differential absorption coefficients based upon the values of the absorp- 
tion coefficient of NO, measured at room -emperature. The results of this analysis are sum- 
marized in Table 4.6. It is felt that these amounts represent lower limits tothe absorber con- 
centrations present. Errors due to slit width corrections could iacrease these values by as 
much as 20 percent, alttough these errors are probably small as compared to the errora intro- 
duced through the use of room temperature absorption coefficients. 

Examination of the last column of Table 4.6 reveals that the NO, conceatration at the time of 
the second maximum is roughly independent of the device yield. This implies that the absolute 
amount of NO, present at this time varies in direct proportion to the square of the fireball radius. 
This in turn implies that the concentr tion varies approximately with the yield raised to the two- 
thirds power. 

Thus, at least in the visible portion of the spectrum, the spectral histories of ali eventa ap- 
pear qiite similar, regardless of the yield. A large amount of NO, is formed quite early in the 
bomb history and persists throughout the entire event. The actual amount of NO, formed, the 
mechanisms of formation, and the rol. it plays in thermal radiation cannot be precisely deter- 
mined until absorption coefficiente for NO, are known fur the temperatures involved. 


4.3.2 Spectrographic Det Determination of Color Temperature. To simplify thermal! radiation 
tux “calculations, it is desirable to” represent the spectral “distribution of the radiation by a single 
number. ‘This leads to the concept of spectral temperatures. Attempts were made to find a 
color temperature that would represent the data during 2 major portion of the thermal pulae. 
When the relative spec'rcai intensities were reduced to plots of Wien's law, it was found that 
they deviated conside «abiy from a gray-body distribution. This is due to the tenuous nature of 
the fireball aa well us the large absorptions by N‘),. Since te:nperaturems determined from the 
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craft position aa a function of time, corrections for the nonspherical shape of the fireball, aud 
assumptions as to the effective fireball emissivity. For the purpose of thes¢ calculationa the 
fireball was assumed to have an emisaivity of 0.63 and the shape correction waa thai recom- 
mended in Reference i, for a hemispherical surface burst. 

The results of this calculation are aummarized in Table 4.7. The temperatures presented 
here are for the wavelength region fram 4,400 to 6,000 A, the higher values of temperature cor- 
responding to the longer wavelength. In nearly all cases considered, the t-moerature at any 
time during the pulse increased with increasing wavelength. Also, in general, the spread of 
temper: ure values decreased with increasing time after the second maximum. 

If the logarithm of the temperature is plotted as a function of the logarithn of time, it is 
seen that the average values of the temperatu ss fall along a straight line, the slope cf which 
is minus \, as suggested by Reference 24. The data waa reduced by this slope, and the result- 
ing interceats were plotted as a function of the weapon yield. This resulted in the empirical 
equation, 


T = 2570 Wl? ¢~ 1/8, (4,12) 


Where: T = temperature in °K 

W = weapon yield, kilotons 

t = time, seconds. 
This equation holds only for times grerter than the time of the second thermal maximum. At 
the secord maximum, Equation 4.12 reduces to 


T = 8690 w?-%4 (4,23) 


In order to facilitate comparigon of the spectral data with that obtained from calorimetera 
and radiometers, it seemed desirab!] : to obtain an average color temperature for the entire 
thermal pulse. This was accomplished by plotting the relative spectral intensities as a function 
of time. The resulting power-time curves were raphically integrated, and the values of the 
integral fitted to Wien’s law. This resulted in an effective integrated color temperature for the 
vieible region. The resulte are nresented in Tabie 4.8. The tyge of temperature presented 
he. ks equivalent to that determined from measurements made with filtered calorimeters, the 
main difference being that the calorimetric tempesatures are essentially mewsures of the color 
temperature in the infrared. 

Thus, due to the variation of the fireball abs -rption coeffictent with wavelength, ‘t is impos- 
sible to represent accurately the spectral distribution of the radiation in the visible region, 
Approximate values for the spectrai temperature for times greater than the second inaximum 
can be estimated from Equation 4,12. 


4.3.3 Time to Second Maximum Spectra! Dependence. In examination of the spectral power 
time curves, it was noticed that the curves for different wavelengths peaked at different timea. 
Time to the peak waa determined from the peak of the smooth curve through the data nints for 
each waveiength. The reaulting times were then fitted by the methat of leaat squares to an 
equation of the form 


a RW (4.44) 


Where: t..., * § ma, seconds to the second maximum 


W = yauld, kilotons. 
Tre values of 5 obtained fram the above relatlon acatterced in a random fashlon fram 0.45 tu 
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data pointa indicating a general trend. For each wavelength the rms value of K was calculated 
and a smooth curve fit to the points. The results are summarized in the table of K(A) coeffic: nts 
(Table 4.9), Table 4.10 presents a comparison cf the measured t,,,, values with the ones cal- 
culated from Equation 4.15, using the coefficients in Table 4.9. 

Variations in the time to the second maximum with wavelercth have been found. These varia- 
tions are most probably the result of the varying transperency of the firebal! # a function of 
wavelength and time. That is, as the fireball becomes more transparent raasation ia measured 
from regions of higher temperature. This interpretation is consistent with the behavior of the 
NO, absorption coefficient. 


4.3.4 Fireball Diameter Correlation. In the procega of determining spectral temperatures, 
it was necessary to measure the firebail radius as a function of time, This was accomplished 
by measuring the image diameters photographed with cameras adjacent to the spe: « graphs. 
These tmage diameters were related to fireball diameters through knowledge of the aircraft 
position and camera focal length. As i byproduct, these data were analyzed with reapect to the 
scaling laws. 

It was found through the method of least squares that the maximum fireball radius Rmax 
obeyed the relat'>n 


°max = 230 W'-* (feet), W = yleld (kt) (4.16) 
and the radius, Fy, at t = tio, varied as 
Ry = 266 W"’™ (feet), W = yleld (kt) (4.17) 
max 


These resuits are summarized in Tables 4.11 and 4.12. 


4.4 ANALYSIS OF PHOTOGRAPHIC DATA 


The remainder of thia chapter is concerned wiih the interpretation of the photographic records 
taken from the four aircraft. The phenomena of interest were those of significance in the pre- 
diction of the thermal radiant exposure and irradiance at a point in space as a result of the au- 
clear explosion. To this end, the time history of the flreball and its associated reflecting, ab- 
sorbing, and scattering elements have been studied over the complete thermal devaicpment time 
of the detonation. 

This section treats several of the ancillary features which are ohverved itn each detonation, 
and serves as a further introduction te the more complete analysis cf Shot Nakota (Section 4.5) 
and of the absorption shell phenomenon (Section 4.6). 


4.4.1 Hot Spota. Good examples of this effect are shown in the reproductions of the two 
Dakota Polaroid ghots and in most other series as well (see Appendix). The bright aress appear 
to be fairly randomly interspersed in *he outer regions of the fireball; they are of course not as 
easily detectable against the bright background of che central portions. Spots are observed up 
to the very edge of the fireball or absorption shell, but not outside. The spots have a size dis- 
tribution ranging from just resolvable specks up ‘to areas subtending such large angles that they 
appear to be 100 feet across. (Ri: «lution of the Microfise film ts, typically, 3 feet {n these 
photographs; the lens syatem decreages this resolution to two or three times this figure for the 
f-numbers used.) However, irradiation (image growth oy diffusion in the emulsion) could ac- 
cvunt for all or part of the image aize. (But see below.) 

In the Polaroid photographa ehown, the apots appear at about half the time to minimum ard 
gradually become undetectable, first visually and then denaltometricaliy, aa the tireball brightens. 
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for a few frames is from the hot spots. The individual sp:-ta are distinguishable against the 
dimmer background up to about 6 < minimum. Oniy 1 percent of tie integrated thermai flux Las 
been emitted at 3 < minimum, and about 8 percent at 6 ~ minimum, go that the cantribution of 
the hot spots to ther:nal damage is in any case smali. 

A microscopic examination of the Red image of the spots fails to show ary structure resolved 
by the camera system. The spots appear circular, oc, occasionally, oval with the short axis 
radial from the fireball center. Since they are smaller than the slit, nu density profile can be 
made. Consequently, it is not possible to devide from the Red data whether they are as large 
as they appear (which is very large indeed), or whether the extended bright spot is due >» ‘ight 
diffusion effects in the emulsion. There are, however, no noticeable diffusion effects at ther 
sharp demarcation lines, such as the fireball edge in Frame Zero. 

Most of the Biue series show a dark tail on the wright hot spots. An example is Dakota 
Seriea 36299, shown in the Appendix. These tails appear to extend radiaily out from the firevoil 
center; their length generally increase with projected distance from the center. Thus the tail 
gives the appearance of being the shadow of the bright area. Since no question of image diffusion 
is involved with these dark streaks, and since the streak width is the same as the width of the: 
hot spots, the hot spots must have essentially the finite extent measured on tue film. 

The finite slit size makes the relative light contribution of the spots ¢Cifficull to evaluate. 
Near minimum in blue light this figure is approximately 100 percent as noted above. For the 
red between minimum and 3 < minimum a crude value of 10 percent may be assigned by estima- 
ting the fractional area of the fireball covered by the spots as 1 percent, and the ratio of spot 
brightness to brightness of surroundings as 10, 

It is possible to identify the same hot spots in the various series of photographs of  detona- 
tion, and to trace individual histories. The bright local aicasa appear to move out wit). the ex- 
panding fireball; their relative positions therefore change only slowly. 


4.4.2 Plume. This large tupknot appears to be a bitlowy cloud of opaque gas, developing at 
about the time of minimum. A plume is visible un all the ground, water, and barge detonations, 
but none is detectable on Erle or Mohawk, the two tower shots; and none {8 resolvable on air- 
burst Cherokee (which has extremely poor photographic coverage). Presumably, then,the plume 
is associated with an Interference <«ifect of the early shock wave reflected trom the surface. 

The genesis of the pluine appears to be as follows. A large hot spot, or group of hot spots, 
generally less bright than the other hot spots, develops near the crown of the fireball at about 
the time of minimum iit is first observed somewiiat later on the blue films). An enlarged view 
of the hot apot on Dakota, in the Blue, shows it to consist of four resolvable bright spots, ar- 
rang? ina rough square. This spot bright: ns ati then darkens, growing into a large dark vol- 
ume extencing in later frainen wll above the fireball. The limb of this plume, and particularly 
its very top in early frames, may be luminous in the Red; however, the plume is always quite 
opaque in the Blue. 

The plume appears to develop earlier in scaled time for low-yiele devices (compare, for 
example, the Lacrosse, Flathead, an’ Zuni photographs in the Appendix). Consequently, ita 
effect on the thermal flux from low-yleld weapons, should be relatively larger than its effect on 
larger ones. 

A detalied analysis of the thermal flux obs. ured by the plume as not been made. However, 
estimates of the obscuration of the thermal flux from a megaton-ylteld device such as Prukota 
can be made from the severa! serica of pictures ino. Appendix, In general, the plume appears 
to obscure about twice as much of the fivepall in the Blue photographs as in the Red ones, Keep- 
in mind thal the fraction of thermal fu coming from the fireball proper is roughly 90 fe 60 per - 


vent (Section 4.5,3), the photographs (Appencitx) abow that In late (frames (say 3 ty 44), ax? the pha 
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ipteg vated therm flux obscured by the glume in val its sluges of davelaprant, ta § percent. 
This figure ig higher for amall devices and lower for large ones. 


4.4.39 Wilaon Cleud. At fate stayod ey the shock development, the air temperature sonie-~ 
what behind the shock front falle beiow ambient: this causes condensation of atmospheric water 
vane into droplets (Yk oan cloud aect), A cloud stasts to form near the ingidw edge of the 
shock v-.ve, and then grows Inward, appearing to dake on the shape of an amyehithertre: f ca- 
tends in, typically, to about one fireball radius from the fireball suriace. In passing it may 
be noted that, when the Wilson cload first begine to form, it appears to re -ondenaa the same 
trade wind cumuluea clouda that had bee. evaporated by the expandivg shork wave a second or 
so earlier; infact, cases are observed in which orly the side of a ciouri near the fireball is 
evaporated, and then appears to re-form aimest laimediaiely. ‘This behavior is of course ex- 
pected, as supersaturation Is firs. reached in those regions in which there is « locai weter 
vapor surplus: the vapor from the clouda and the condensation nuclei have not had time to diffuse 
away before the conditions for cloud re-formation are reached. Then, as the temperature is 
lowered further, atmospheric vapor «cndensos into the larger, bowl-shaped cloud. 

The tlie (in: ate of fremes or 04th second) at which the [lrst sectlons of Wilson cloud ia 
seen, is shown in Table 4.13. Ti ese figures are not tu be taken as extremely accurate, because 
an early cloud formstion may be engendered by fortuitous local conditions (auch as the presence 
of water vapor from a recently shock evaporated cumtius cloud). Nevertheless, there le evi- 
dence that the onset of Wilson cloud formation does nui accle with the thermal eifects, that is, 
az (yield) '/*, "nis ts show: by the late (in terms.’ units of time to maximum thermal output) 
formation of t¢ Wiison cloud in Mohawk; the relatively late formation in Dakota (which was 
ebyerved from aoveral aircraft stations) and Apache; and the chservation that the thermal flux 
from the flreball wa.. not great enough to show the Wil#eun cloud (if it indeed was formed) in the 
three loweat yleld detonationsa. The time for Wilson cloud formation appears to acale with the 
other hydrodynamic phenomera, that ‘a, as (vield) ifr. see the last column in Table 4.13. (Note 
agait that a higher detection efficiency vorks in ‘he direction of making the Wilson cloud of 
Dakota 2ppear early.) 

In at., . vent the Wilson cloua does not chsecure an appreiable fraction of the fsreball or shock 
froth until & to 6 traxD? when about 90 percent of the thermal flux has alread: been emitted 
irom the devic? and the rate of emission ts only 10 percent us Ligh ag it is at ‘maxy- Conec-~ 
quently, iti: importance of the obscuration by the Wilson cloud, from a thermal viewpoint, is 
reasonably small. The cloud obs:ures the scattered light from the si »ck (roth, which contri- 
‘ses almoai, half the thermal flux inthes very late frames, and it obscures moat of the fire- 
tali fer low-angle observers. On the other hand, tho cloud does no block the flux from the fire- 
ball to near-vertical observers, and there ie an appreciable albedo contribu ion from the jilum- 
inated cloud intexior into such argles. A crude estimate of the fraction of the total thermal flux 
abscured by the Wilson cicud js 7 percent. It appears that, by the time te Wilson cloud evapor- 
ates, the thermal) iast is over (‘The irreveralble shovck-heating makes the final ambient air 
temper ‘ture highes than befor. the bl: at. ) 


4.4.4 Alc and W for Scattering. in addition to ihe albedo contribution from shock freth, 
clouds, and islands, sume light apysars to come from the water surface. Presumably this light 
is scattered both from tse waier, which has a nominsl albedo of 10 percent (Reference 1 aud 

b later dlscussion here) and from the air ani aerceol varticles. Easentially specular refiection 
from the water surface is Qo served at low observation augles (see Apache piotographs in Ap- 
| pendinj, but in general it appears that the maje> fraction of (his part of the albedo comes from 
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A Aeke AS ERY FP EL EET LIT GIAO LE WL, Ad SUV, GIR MON IALUT BNE Lal Aevelop tnen 
muk= (interpretation of the close-in brightness pattern imposysfole; the far-out brightness is no 
far enough atove film background for proper analysis. The carly fireball has a very sharp ed 
ani, in the Red, je bright en: ugh to illuminate strongly the surrounding ares. However, the 
Blue, even at Frame Zero, is not intense encugh to permit very go. brightness profiles to b< 
yeade. 

Such brightness piots are given jn Figures 4.14 through 4.16, the brightness beins register: 
at sngles measured from the apparent firebail edge. More such brightne:.3 plots are given in 
Section 4.5.4, along with further discussion. Thee . raphs show that the scattering from an- 
gular regions to the front and rear of the firebail is about as great as that from the sides. Th 
near-isotropy gives some implication that the scattering is from the air, because In the photc. 
grammetry, equal angles measured vertically and horizontally do not extend over equal water 
distances. Furthermore, because of the fintte size of the {lreball the front and rear a gles dc 
not measure symmetric water distances. Another critical point is that tue scattering aves nol 
fai’ off as rapidly as 1/(angle)’ (an upper Limit to what would be expected from a Lambert plan 
illuminated by a point source), even at angles several times as large as that subtended by the 
fireball. This point is ¢xaniined in detail in what follows. A third point ia that if the scatteri: 
were mainiy from the water surface, the light (which has a low-angle source in the fireball) 
coming {rom the rear would be expected to be much ‘esa intense, unless the water were a ver} 
good Lambert plane indeed. An additlonal observation against water reflection is that the Red 
albedo is observed to be greater than the Blue, while Reference 25 indicates that the Wlue waie 
alnedo should be many times greater thar the fod. Further evidence that the luminous region 
about the fireball is the result of air scatter foiiows. 

Scattering by Atmospheric Haze —Firebatl Aureoie. Ai *xamination of 
the brightness traces made on a horizontal line across the center of the {irebali in the firat fer 
hundredths of a second after detunation shows a remarkable likeness to similar acans made 
across the face of the sun and iato the adjacent environment. The brigtit ring surrounding the 
sun that is observed even cn the clearest days is called the aureole, and this same nomenclatu 
wiil be adopted for the bright «ing that surrouads the fireball in its early stages of developmer 
Figure 4.17 illustrates the brightness as a function of angle for severai situations. In thie fig- 
ure, the Curves R, J, and D are taken from Figure 28 in Reference 26. ‘chese curves are ex- 
perimental curves of the angular distribution of brightness extending radially from the limb 
(edge) of the sun taken at ground level at Tubingen (R), Davos (D), and Utrecht (J). The curve 
have been normalized t) a sclar disk brightness of 10° (log brightness = 6 on the scale that has 
been adopted for Figure 4.17). It will be noted that the brightness at 0.3° from the edge of the 
sol: r disk ia of the order of 500 and that it decreases to about 10 at 7° from the sun’s limb. 
The detectors used in these measurements were sensitive to the blue-green region cf the 
spectrum. 

Superimposed on these curves are the zureoles observed from three different pictugraphs 
ot Shot Dakota immediaiely after dewonation. Curve 36242 (Ked filter) ts taken 16 mec afte 
time zero. In order to make 9 comparison with the sun’s aureole, this curve was normalized 
to Curve D at a point 0.33° from ihe limb of the luminary. (With this normalization, t.e brigh 
ness acvoss the fireball disk ie 3.2 x 10°, xs compared with 10° for the aun; the angle subterce 
by tl 2 fireball ts 2.6°, compared wi*h the 0.5° aubtended by the sun. } 

Curver 36300 Red and 35923 Blue are derived from photographs of the wame «vent (Figures 
4.14 and 4.15). No particulay normalization point hay been chosen for theae curves. These 
frames were exposed nominally ai time zerc, j.e,, ata lime that d'd not exceed 16 msec after 
time zero, 

Curves A and B are taken from Refersuce 27. ‘iiame curves are experimentaily measured 
aurecies about a spherica!ly symmetric array of pictoflash bulbs aet off in ligh: haze. The 
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tinent to the discussion at thia stage of understanding of the phenomens. 

A solar aureols is “expiained” by the highly directed scattering patiern of particlus of the 
size of haze, ji.e., particles having diametera of the order of y tn ln icron or Jarger (Refer- 
ence 26). The predominance of forward scatter can be illuatrated by considering the Mie theory 
of acattering by spherical particles. Assuming a haze particle to have an index of refraction of 
4/3 and a dinmeter of 1 micron, the Mie theory indicates that the scatter ng at angles of 0°, 10°, 
30°, and 60° n easured to the forward direction, ia in the ratio of 1:0.74:0.04:< 0.01. Fora 
2-micron particle, the forward directivity ie even more pronounced, being in the ratlos of 
1:6.18:0.08:<6.01. In general, when a qualitative model in discussed, the significant part of 
the scattering pattern is given by the Fraunhofer diffraction pattern from an opeque circular 
disk of the same cross-sectioned area as the haze particle. Sideward and backward scattering 
can be assumed to be small. Its offect is to increase by a amali amount the background bright- 
ness. Wit this highly directed scattering pattern and the parallel rays from the sun lacident 
upon the haze, it follows that the light scattered by the haze should rapidiy diminish in intensity 
as the angle from the direct solar rays ia increased. Single scattering dominates because of 
the relatively long mean free path of the photcns in haze, and the observed large decrease in the 
flux when scattered at large angles. These considerations lead to scattering patterns such as 
Curves D, R, and .J. The detaila of the curves such aa brightness# and the reiatively alight 
changes in slope depend on the concentration and distribution of particle size in the haze. 

The aureole about the flreball and other sources imbedded in the hazy atmosphere may be 
described by invoking the san 6 argument, which is based on the directivity of the scattering 
pattern used to explain the solar a teole. The fact that the rays going into the scattering vol- 
ume from the firebail are mor: divergent than those from the sun (the sun is effectively a source 
at infinity) does not decrease the effectiveness of the model, because the directivity of the model 
requires only that part of the atmosph re between the fireball and detector to be the scattering 
medium. The atmosphere tothe side and to the rear does nct materially contribute to the bright- 
ness of ths: aureole because of the strong forwar! directivity of the scattering pattern. Note 
also that tiis ‘irebnil is about one acattering mean free path from the observer (Section 4.1.2), 

a fact thac coviributes to the validity of this single-forward-scattering (as opposed to multiple- 
scattering, diffuaion-theory) picture. 

However, as the air light je backed by a water surface isluminated by the fireball, some of 
the brightness of i:« avreole may be due to this background, which has a small smearing effect. 
This effect Is not of majox importance in the formation of aureole and is estima.ed to contribute 
the order of 15 percent ( the brightness (Section 4.5.3). 

A further critical observation tc support the theory of air scatterirg is shown in the case of 
Shot Zuni (Figure 4.16). Here the observation angle ia only 27° and the rear water surface is 
about one fireball radius from the fireball edge. Even under this geometry, the shape of the 
scattering function is little different from that of the higher angle cbaervations. 

One additional observation may be invoked to test the consistency of the theory ths air scatter 
is respor sible for the aurenle’s appearance. The observation is that the aureole is essentially 
unpolariz -d (Section 4.5.4). An inspection of jure 4.31 confirme this. In thie figure the ¢ 
and @ polar’ zations are not ‘oincident in time. An interpolation must be made to determine tha 
@ and 9 polarizati me at the game instant. ‘Vhe» this ia don’, the total light is unpolarized. 

The lack of polarization is expected when haze is the scattering agent. The Mie theory predicta 
no polarization of the scattered light at 0° (unpolarized source assumed) and no significant polar- 
ization effect for small. ogie scattering. 

in sumiaary, the weigu.. of eviden @ suggesta that the aureole about the fireball in 9 result of 
scatiering by the haze in the atmosphere. Although there ::ay be small differenvea in the aure- 
ole when observed through red, blue, or Polaroid fliters, these differences are amall and 
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4.%.9 Mydaroaynamics —-Atr Shock and Shock Frott Phenomenon. In Figures 4.18 through 
4.20 are piotied the radii of the fireball, absorption ene ., and shock {roth ef ‘uni (about 3,380 
kt), Huron (about 250 kt) anc: Lacrosse (about 3.5 kt). These three detonaticns cover « factor 
of 100 in weapon y‘eld. Complete data for Dakota will i.» presented se arately, along with a 
more thorcugh dil: cussion of the features touched on in this section. ii should be kept in mind 
that the hy-rudynamic phenomena ecale more slowly with device size than do the strictly ther- 
mal Ones. No attempt was made to compare the horizontal and vertical sizes, because of the 
photogrammetric uncertainties; no gross differences between these radii appear on the photo- 
graphs. 

The radii of thy fireball and absorption shell were measured visually, that is, they are th: 
radi! of the apparently bright ceatral hemisphere and the dark absorbing ring, respeciively. 

In light of the known nonlinear behavior of photographic film, thia ls a rather arbitrary proce- 
dure. However, there are practical difficulties that make the densitometric measurement of 
these radli time-consuming and not particularly accur: ‘e. No attempt was made to use land- 
marke as fiducial points; experience with Dakota showed that such cartographic calibrations 
can be quite inaccurate, since landmarks correspording to those seen on the photographs were 
not clearly indicated on available charts. Furthera-ore, landmarks were missing on some of 
the series. Instead, the shock froth data was fitted to that of Reference 28, and the other hydro 
dy namic data fitted in turn to that. In addition, the data was adjusted for the motion of the air- 
craft (the apparent sizes get smaller as the aircraft moves away from the dstonation site). 

Algo show:: on the graphs ta the thickness of the absorption shell. Since this is the differenc: 
of two nearly equai radii, the smaller being the tus zy fireball edge, only the general trend of 
ite time dependence ts significant. An inner at sorption shell radius is given for Zuni; this will 
be discussed in Section 4.6. 

Firebail. The bright central fireball appears to grow quiis slowly after breakaway; this 
ia a we'i-known optical phenomenon and will not be treated here. At times greater than about 
Stax it appears io decrease slightly in size and becomes very poorly defined. 

A correction to the time time zero can be atraightforwardly made. From the data of Refer- 
ence 28 the corrected time at which the Frame One fireball (then coincident with the shock 
front) has its measured size can be found. In al! cases, this adjuztment was found to fit smooth 
ly onto the measurements for Frimes 0, 2, and 3. Ali of the data has been corrected by this 
method. 

Absorption Shell. This phenomenon will be discussed in detail in Section 4.6. Note 
that its radius fits smoothly onto that of the firebali-shock front et times just after therma) 
fiux minin um, whore the luminous fireball has a discontinuity in its growth. This implies chat 
the absorption shell is intimately connected with the early history of the expanding luminous 
volume. 

Air Shock and Shock Froth. The problem of growth of the shock wave has been 
treated by several authors, and to date theory and experiment appear to be tn good agreement. 
Becauae of the paucity of good fidu: al data, no attempt has been made to compare the absolute 
shock froth data to the predicted va. os, except in the case of Dakota (Section 4.5). However, 
the shape and slope of {:« radlus-time curve is fonnd to conform very closely to that predicted 
in Reference 28. 

‘The shock froth appears to have an extremely high albedo, and at late (>5t... 77) frames 
about half of the thermal flux comes from it and the air between it and the camera lens. The 
flux from the outalde edge of the shock frcih is always two to four times brighter than that from 
the nelghboring unshocked water. This figure is smeared by the air light. Further details of 
the scattering properties of the shock frc h, including the ratto (ehock froth albedo)/ (unshockett 
water albedo), will be presented in Section 4.5. 
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(Dakota 36236 and 36300, among others}. This is presumably not self-luminescence. Wi serve, 
the shock would be brightest right after breakaway, when its amplitude is higheat. Furthes mor, 
the expected temperature of the shocked air near thermal maximum is tov low for se ¢-luayse- 
cence (Referenc: 29). Rather, the brightness pattern is consiatent with scattering frum ihe 
denser air, which extends about a tenth of the shock radius behind the shock front. Gime aemf- 
quantitative date on thia contribution to the thermai flux will be given in Section 4.5. 

However, in the Blue this air shock Is definitely absorbing, obsacurin: the reglorn behind it; 
this behavior is evid -nt on all Blue photographs, in striking contrast to what is obaerved in the 
Red. Specific exampies of this effect are shown in the photographs reproduced in the Appendix. 
The quantitative effect of this absorption on the thermal flux ia not easy to evaluate. The region 
behind the firebvall is, effectively, obscu.ed; some of the lig at from the shock froth la absorbed; 
and the fireball! itself is darkened. 

This absorption by the air shock probably accounts for the structure in the brightness of the 
Blue shock froth. Tha froth is bright on the inside and outside edges, with a mintmum betwean; 
the illumination by the fireball falls off with dlatance, while the absorption of the scattered light 
increases with the thickness of the shocked air traversed. The ed shows no minimum in the 
shock froth, and the Polaroid shows a small, but definitely detectable minimum. This absorp- 
tion may cause some of the limb darkening of the Blue fireball discussed in Sectlon 4.6 and 30 
interfere with (he analysis of the abeorption shell (nut to be confused with the absorption of the 
shocked alr). 

It la tempting to explain this Blue-Red difference by postulating ihat a small amount of NO, 
is present in the shock-heated air. The absorption coefficient of NO, ia some §00 times as high 
in the Blue as in the Red, #o the Red light will not be measurably attenuated by the shock-heated 
alr. An alternative explanation, that multiple Rayleigh scattering makes the region dark ia the 
Blue-—the Blue Rayleigh scattering crogs section some sixteen times the Red cross section— 
ts also not implausible. (I will be recalled that the sky around a red eetting sun is red alac.) 
The argument that the shocked air is warm enough to radiate only in the Red is not borne out by 
the above-mentioned properties of the Red scattering. Unfortunately, the Polaroid data (Section 
4.5.4) does not permit accurato analysis of the light from this region to help further in resolving 
the scattering-absorption queatioa. Furthermore, it is difficult to arrive at a figure for the 
fractional absorption of the shocked air, ua oc convenient viewing screen is avatlable. Also the 
data are heclouded by the contribution of the scattering from the unshocked alr, and in any case 
the Blue film densities in the region above the fireball are always close to the fog background. 

A very crude estimate is 50 percent transmission for Dakota (1.1 Mt) at thermal maximum, 
where the air shock ia 2,000 feet thick. (This would correspond to an NO, pressure of 3 < 107 
mm Hg, or one molecule in 10°.) This te an extremely rough figure, and the shocked-air ab- 
sorption of the Blue light may be a relatively important factor In the thermal pulse from a nu- 
clear detonation For further discussion, see Section 4.6. 

Fireball Radius and Yield. In Figure 4.21 ia shown the radius of the mature fire- 
ball as a function of the bomb yleld. Characteristically, the bright central fireball, measured 
as described in the preceding section, growa slowly near and after second thermal maximum, 
ita radius reaching a very flat maximum near 2t maxi (note again that thermal and hydrodynamic 
phenomena scale differently: the maximum radius comes somewhat later for the smaller weapons 
in the series) after which it appears to decrease slowly. See Figures 4.18 through 4.20. The 
datum for Dakota is the average of the geveral sets of measurements shown in Section 4.5; two 
pointa corresponding to two series, are showa for Huron and Zuni; and the other maximuin radii 
are the results of measurements on a single series of photographs of the detonation. The radii 
are all normalized to the shock froth radii, as described in the last section. 

In light of the arbitrariness of this fireball radius measuremant procedure (which is evidenced 
by the spread of the Huron and Zuni points, as well ag that of the Dakota points, Figure 4.23) no 
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nigner Nan that given 1or yielias up fo SUU KE in Mererence &§) (hat ig io say, the ‘uminous Un the 
sense of the film blackening; note again the reservations of the last section) a ea of ine fireball 
is some 40 percent larger. 

In summation, the maximum radii cf the firebalis of the 10 deicnations ranging ln yield from 
15 to 5,900 kt can be iit to a power-law dependence on yield, with a relative average deviation 
of about § percen:. 

Asymmetry. A discussion of the asymmetry of the amalier fireballs, aa well aa a more 
detailed digcusaion of the asymmetry of Dakota, ia given in Section 4.5.5. 


4.5 ANALYSIS OF SHOT DAKOTA 


Since the photography of Dakota was the most successful, this detonation waa chosen for de- 
tailed analysis. Such a study ‘an also serve asa check on the interna! consistency of the data 
and the reduction methods. In a'l, 13 series of photographs, taken from four aircraft, were 
readily analyzable. There are several good matched pairs. Selected frames from these reels 
are shown in the Appendix. Dakota is an “average” water shot: it ts reasonably synimetric 
(but see Section 4.5.5), shows all the features digcussed in Section 4.4, and has a normal com- 
plement of cumulus clouds. Atmospheric data are given In Tables 4.2 and 4.3. The locations 
of surface zero, the iglands, and the aircraft are shown In Figure 4.22, 


film measurements, and the reservations pertaining to them, are descrit-ed in Section 4.4.5. 
However, these radii have all been measured absolutely, in that the horizontal distances fram 
surface zero to features on the islands Easy and Dog have been used as fiduciais. Alternntively, 
the time for the shock froth to reach an island point 2 known distance away, was used for caii- 
bration; this enabied more ciearly indicated points at all orientations to be used. 43) of the data 
has been corrected for motion of the aircraft but not for the Frame Zero shift. 

The interna! consistency of the data is geen to be very good. Deviations at early times er* 
due to the failure of Frame Zero to coincide with time zero; note that on a logarithmic scale 
this effect makes points very far separated at early times. These early fireball pointy (Z igure 
4.23) tle to the left of the Haskell (Reference 28) line, as expected. The differances among the 
several series are most likely caused by errors in the measurement of the distances to the 
fiducial island pu:nts. This la borne out bv the observation that the coincidence between camera 
Red-Blue pairs te better than that between the three sets of paira. Furthermore, the order of 
sizes is the same on each of the three graphs. Since the shock froth should have the same ra- 
dius to obeervers at all angles, thie last indicates that the radius of fitrevali and absorption shell 
does not vary appreciably with observation angie. 

There ia no significant difference between Red ind Blue absorption shell radii; nor between 
Red and Blue fireball radii, excep: at times between the: mal minimum and maximum. During 
this time, the isothermal sphere becomes less and less obacured; the Red fireball appears ap- 
preciably larger than the Blue, which has a sharp discontinuity in size. This behavior ts, as 
stated above, to be expected. The acatter of the fireball data is greater than that of the absurp-- 
tion shell radius; this also ia expected since the absorption shell is relatively sharp edged. 

The check with the shock radius theory (Reference 28} is seen to be very good. This lends 
credence to the procedure of Section 4.4.5, in which shock radil were used as calibration points 
for the radii of the other features of the other detonations. The radit of Dakota are seen to have 
the same general properties as those of Shots Lacrosse, Huron, and Zuni. 

The internal consistency of these measurements indicates that the timing of the six cameras 
was sensihiy the same and suggest: that it Is reasonably sefe ti. assume that the GSAP cameras 
may be used as clocks for the detonations. 
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Red pair, were analyzed. In addition, two telephoto frames (at aecond thermal fiux maxi: .um) 
{rom the Clue-Red paired series 36299 and 36:00 were compared. The fireba!! ia very well 
centere@ in these photographs. The results are, of course, valid only for the particular ob- 
servation angles. The optical parameters of :he two sets of lenses and the aircraft ranges a: 4 
altitudes ire given in Table 4.14. Note that the {lelda of view are considerably emailer than 
{howe no/mally associated with . diometers and calorimeters. in consequence the relative and 
absolute contributions of the albedo will be underestimated, perhaps severely. Furthermore, 
the camera and film system om: i, for the usual photographic reasons, be regarded os a re- 
ceptur whose sensitiv’ y varies as cos‘ 6, where 6 is the angle between the Incoming ray and 
the optic axis. EG&(. have atated that vignetting and aberrations are email for the small en- 
trance pupils used. (Cos‘ Sextreme '8 ahown in Table 4.14). This falloff has the effect of re- 
ducing slightly the apparent albedo contribution, but since the effect is small no correction has 
bee made. The scattering cf light out of the longer paths to off-axial points is another factor 
in lowering apparent surface orightnesses. However, points on the fireball are always within 
10° (= arc coa‘ 0.94). Note also the caveat of Section 2.6.3, which tends to make the albedo 
somewhat high. 

The optical densities of the film, measured along several scan lines, were copied onto an 
enlargement of the frame. ‘ “hen the brightnesses, as taken from the H and D curves, were 
copied onto another enlargement. An example of such a brightness plot is given in Figure 4.26. 
It was found impractical to attempt to trace lsophot lines; this would have required an inordinate 
number of points, of considerably higher eccuracy than those that could be actually measured. 
Instead, areas of essentially constant brightness were blocked out by tracing over the photo- 
graphs with thin cross-section paper. The total light flux appearing to emanate from fireball, 
shock froth, unshocked water, and clouds was computed by counting the number of squares in- 
side each constant-brightness area, multiplying by this brightness, and adding. Thia procedure 
is necessarily subjective, especially in assignment of brightneeses to the rapidiy varying clouds. 
The measurements were made by one obeerver, even though considerable labor was needed to 
analyze @ single frame. It is estimated that the results are accurate only to about 20 percent. 

The thermal contributions from the various elements have not been corrected for background 
alr-acattered light. Consequently for shock froth, read shock froth plua air-light, and go forth. 
There seema to be no way of making this correction without seriously prejudic ng the results; 
in one case, however, an attempt in this direction has been made. The data is algo uncorrected 
for the lose of apparent brightness of of!-axial points, described above. 

Series 36236 and 36233 were chosen because they are exposed to relatively high density, 
which affords the wide latitudes needed to get accurate results on the low-brightness albedo 
points. Even so, the Blue la so dim that only a few scans near thermal flux maximum are use- 
able. The Red is so bright as to have a lens flare near the center and a bright rim around the 
edge of frames near thermal maximum. [ sfortunately, 36236 has large variations in the shutter 
opening time (Section 4.5.3}, and eo frame-to-frame comparisons cannot be made with complete 
patet . 

Note also that the angle of obeervation (as measured to surface sero) decreases from 66.7° 
to §88.8° from Fram 15 to Frame 375 cf $6236 and 36233. It should again be streased that the 
reaulis presented in the next section are applicable only to thia range of angles; that estimates 
of contributions of nonparaxtal flux will be too low; that air-scattered light is smearsd over the 
results; and that this method of analysis of the microdensitometer data ie necessarily zome what 
arbitrary and inexact. 

Resulta. The reaultz fcr the two sets of sericea are shown in Tables 4.15 to 4.18; some of 
the values from Table 4.15 giving the thermal flux partition, are plotted in Figure 4.27. Al- 
though the i:.° -mation is, az noted above, not particularly accurate, ‘t serves to illustrate, in 
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vation point decreases monotonically from & percent to 30 percent, even though the fireball is 
growing by about a factor 7 in area. The reason for this decrease is the increased importance 
of the albedo of the shock froth, from which appears to emanate over 40 percent of the Red ra- 
dilation in the late frames. Meanwhile the fraction of the light appearing to come {rom the water 
surface (mostly air-scattering; see above discussions) decroases markedly, which is hardly 
surprising in that in late frames very little unshocked water appears in the narrow field of view 
of the photograph. A normal complement of trade wind cumulus clouds are in the fleld of view; 
the closest, most important of these is evaporated between Frames 65 and 150, iowering the 
cloud albedo markedly. The cloud contribution is seen to increase again as the Wilson cloud la 
formed (between 4 and 6 seconds). 

Clearly the fireball proper and developing shock froth domin ite the thermal! flux (-vithin the 
atringent conditions mentioned above) for a flat detector pointed at surface zero. ‘'t would be 
desirable to estimate the air-light contribution to the flux appearing to come from the shock 
froth. Note that the ratio of apparent brightness just inside the shock froth to that just outside 
does not vary with size of the shock froth, and has an average .alue of 3.3 (D/E and G/H in 
Table 4.17). This would indicate that the fraction of air-light in the shock-froth albedo is con- 
stant at ali distances from the fireball. If it is assumed that 85 percent (a reasonable figure, 
but see below) of ti.e flux appearing to come from the unshocked water is in reality air-light, 
then 26 percent (= 1.00 — (3.3 - 0.85)/3.3) of the light appearing to come from the shock froth is 
air-scattered light. The raw data has been corrected under this assumption and is shown as 
dashed lines in the graph of Figure 4.27. The fraction of air-scattered light is seen to decrease 
linearly with time on this semilogarithmic pilot, and the relative shock froth contribution in- 
creases less rapidly than when uncorrected but still fast enough to drive the fractional air con- 
tribution down. The unshocked water-light, 15 percent of the uncorrected alr-iight, has been 
sudtracted from the corrected air-light but is itself not shown in the figure. 

Considering the tota! illumination, it should be noted that the high-albedo, growing shock 
froth should make for an increase in the thermal flux; the shock wave is conditioning the water 
surface, so to apeak, for increased albedo. However, because of the serious frame-to-frame 
bri ‘htnesas fluctustions, the total absolute shock froth contributions cannot be safely evaluated. 
Note, for example, that the total flux from Frame 45 is higher than that at maximum, in Frame 
68. (This correlates with the reoults of Figure 4.29.) Note also thet the evapuration of the 
nearby cloud reduces the cloud albedo {rom 10,000 to 2,000 units from Frame 65 to Frame 150, 
while the fireball! itself is going from 43,000 to 16,000 units. For the typical atmospheric condi- 
tions ci Dakota, the loss in cloud albedo compensates in part for the growth of the shock froth 
(this is, of course, a forvuitous situation; shock-induced evaporation of a cloud on a line between 
the fireball a d observer would increase : 32 flux}. 

The Blue 36233 series is su underexposed that the percentage flux assignments in Table 4.15 
should probably not be taken too seriously. For example, most of the flux from the air is un- 
detectable, the illumination being down in the film background fog. 

The 38300 Red-— 36299 Blue pair of photographs show a smaller field of view than the 36236-. 
936233 series, and consequently the tireoall appears to give a rather larger fractional contribu- 
tion (Table 4.16) to the thermal flux. Since the sagle of view is lower, the rear of the shock 
froth is obscured by the fireball an! the ahock froth contribution ia lowered. 

Brightness Ratios. The brightness at various points on the photographs and the corre- 
sponding fractions of maximum brightness, are shown in Tables 4.17 and 4.18 (it should be re- 
membered that air-light is emeared over these brightnesses}. The plume, as expected, gets 
more opaque with time; the cloud and island Illuminations seem to vary with the fireball oright- 
nees (Section 4.5.3). Note that some points on the nearby right-hand cioud in 3¢ 236 are some 
36 percent 2a brighi as the brightest points on the fireball. These results, and those in the 
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than the direct beam [rom the firebal! to the camera. 

The shock froth, at its edge, appears to be about three times a: bright as the unshocked 
water in the Red and twice as bright in the Blue. This rolda over : large range of shock radii 
and varies little with the angle of ob -ervation; note the data forthe sides and rear. Assume 
that the fraction of the apparent light that is true albedo of the unshocked water is ¢«€. Then 
i~ e ig air-scattered light; the ratic n of the albedo of the shocked water to the unshocked 
water, ia given 


_3~(l-t)_ 2+e 


(Red) (4.18) 
€ € 
lee ; 
= tS (Blue), (4.19) 
or, in general 
n-Si tre, (4.20) 


Where & = apparent brightness ratio. 

The ratio n ig given as a function of « for various & *.. Table 4.19. The experimental varia- 
tions in &, coupled with the unceriainty us « aad the tack of specific data on the albedo of shacked 
and unshocked water makes assignment of correct albedo ratios (or, conversely of accurate €’s) 
extremely uncertain. However, certain comments and 2 discussion of some of the albedo data 
found in the literature are inorder. The shock /roth is a water spray containing large droplets, 
hence is white; its albedo must lie near that of dense clouds or freshly fallon anow, 0.3 (Refer- 
ence 30), since it ls undoubtedly optically thick. The specular reflectance of water has been 
found to foliow the Fresnel formula up to wind speeds of 9 knota (Reference 31); this forn.ula 
predicts a reflectance of 0.03 at 45° from the normal, a typical angle of incidence for the light 
from surface detonations. A Lambert-type albedo, which ts the phenomenon of Interest in 
these experiments, has been measured (Reference 25) by pointing a spectrugraph at a water 
surface and at an incidence angle of 45°, at 90° azimuth irom the sun; the results were compared 
with thoge from a standard magnesium oxide powder surface. Albedos ranged from 0.15 at 
4,000 k monotonicaily down to 0.01 at 8,000 A (this correlates with the blue-green color of water 
surfaces). While these values do not accurately fit the field aituation, they indicate that for the 
Blue « = 0.20. For the Red, « may well be lower; the higher: measured values of ¢ for Red 
ayetema are consistent with the low unshocked water albedos of Reference 25, In general, a 
value of « = 9.15 has been adopted for use in other sections of this repory. 

The brightness at the inner edge of the shock froth is compared with that at its neighboring 
point just within the absorption sheil in Table 4.18. There ia considerable scatter of points 
here; clearcut Red -Slue differences, if any, are not resolved. }resumably, the view ts through 
the absorbing shell at the ahock froth in these photographs; the data zives some idea of the trans- 
misgion of the abosorptivn shell. The emearing effect of the air-light heips mask any Red-Blue 
differences. The absorption shel! will be treated in more detail in Section 4.6. 

Other Contouring Fecturee#, The Blue fireball surfaces appear to be raniomly 
lumpy, especially in frames befurs second thermal maximum. This shows, qualitatively, in 
the Dakota photographs. The brightness of these excursions ie often half as great as that of 
neighboring points. The Red microdensitometer traces do not show these oscillations. in addi- 
tlon, the mature Blue firebail shows Itmb darkening, being dimmer :t ita edges than at the cen- 
ter; the l'ed shows far less Iimo darkening, A measure of this is the ratio B/A of Table 4.18, 
an effective {lreball area which for the Red is 3 to 4 times as high as the Blue. This point will 
be discussed in the next section. 
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4.5.3 Time Variation of Fireball Brightness. The fireball luminoug surface is the ultimate 
svurce of all the thermal flux, incl fing the large albedo contribution discussed in Section 4.5, 
Consequently, the fireball output is a reasonably gcoct measure of the time variation of the the 
mal pulse amplitude. The brightness varies only relatively slowly over the fireball surface 
(Section 4.6.4), especially inthe Red, and the fireball area grows slowly also; therefor, the 
maximum brightness found on the several microdensitometer traces may be used as an indicat 
of this time variation. It shou'd be emphasized, however, that this procedure gives a less tha: 
perfect measurement of the true total thermal flux time variation, and the data should be taker 
as secondary to the radiometer and calorimeter data. However, the results are of some inter 
from the point of view of {ireball physics. 

Such maximum brightnesses for Dakota are shown in Figure 4.28. These are the m: «ima o 
the smoothed traces; the erratic hot spots are excluded. The times have been correct 4 for 
zero-shilt. It should be noted that differences in filter and film system bandwidths, acd aircr: 
slant ranges, make intercomparison of the absolute values of pointa on these several curves 
difficult. 

Time to Minimum. ‘here is evidence that the ninimum in the Red comes earlier tha 
in the Polaroid (which has 2 elength-sensitivity as shown in Figure 2.2). This is borne out 
by the data from the two Polaroids and three Red series. Note that the Polaroids, which are 
paired, check quite weili with one another, 93 expected. (The light from fireball surface is nol 
expected to be polarized.) This time difference is of the order of 1/10 the (average) time to 
minimum. Unfortunately none of the Blue photographs re: olve the fireball from the backgroun 
film fog for about 10 frames near the minimum, and an interpolation of the data in thia region 
im very uncertain (as the graph shows). Consequently, a narrow-bend compariaon is not possi 
and the Red can only be compared to the wide-band (4,000 to 7,000 A) Polaroid. The direction 
the effect is in the same direction as that observed with spectrometers (Reference 32) and ia t 
be expected on theoretical grounds (Reference 33). 

Time to Second Maximum. The scaling laws , redict a brightness maximum at a 
time very close to 1.0 second. This also appears to be the time at which a broad maximum ia 
the maximum brig! iness of the fireball is observed. The fireball grows very slowly near 
tmax 80 this effect is expected. The measurements do not resolve any differences in the 
maximum -brightness time among the Red, Blue, and Polaroid photographs. Note the severe 
fluctuationé in the 36236 data; this phenomenon is thought to be due to variationa In the shutter 
opening time, and is discussed later. 

Maximum-Minimum Ratlos. The ratio of the brightness at second therma! flux ma 
imum to the brightness at minimum, appears to increase with decreasing wavelength. For the 
three Red series shown, this ratio ltea between ): and 20; for the Polaroids, it is 650; and for 
the two Blue series an interpo.ation shows it to be of the order of 2,000. (It shouid be noted in 
passing that the fireball surface areg goes up ty about a factor 2.4 in that time, so the total 
thermal flux ratiog will be still larger.) 

Curve Shape Comparisoos. The shape of the tatioff after maximum is closely the 
game in the Red and Blue photographs (toils effect showa more clearly in a semilogarithmic plc 
but the Polaroids have an apparently steeper falloff. 

After minimum, ihe rate of climb ox the brightnegs curve for the Red firehgli is slower tha 
that of the Blue; the Polaroid is intermediate. This is, of course, connected with the lower ia 
tensity of the Polaroid and Blue flreball. The effect of the faster rise and similar falloff, is t 
make the Blue maximum-pulse narrower than the Red; this holda for the Poisroid alao. 

The maximum brightness at first maximum in the Blue is very low compared to that in the 
Red and Polaroid. For ti.se latter the flrebal! brightae:. : then is as high as, or higher than, 
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seea a relatively cool surface. 

Another feature of some interest here ts the (logarithmic) rate of change of brightness in 
these very early times; this is greater for the Blues and Polzroids than it is for the Red. For 
example, both Reds lose in brightness by only a factor of 1.2 in the 1/64-second time interval 
centered at about 0.01 sec, while the Blue and Polaroid are changing by about a factor 2. 

Cloud Brightness; Shutter Opening Variationa. The albedo brightness of a 
point on a cloud several fireball radii from surface zero should also be a measure of the inte- 
grated fireball brightness. The V-shaped cloud to the upper right in Series 36236 was scanned 
along a horizontal line intercepting the aecond little spur from the bottom on Its left side, which 
appears as 39.0 in Frame 0 (Section 4.5.4), The brightest cloud point in thie vicinity---at 8.3, 
39.0 in Frame 0— was found, and its brightr>ss plotted as a function of frame number (Figure 
4.29), Also shc wn is the water-background point along this line, taken just before the slit starts 
to pass over the ciou!. Repeated vertical pos‘tioning of the slit showed the individual readings 
to be reproducible to better than 5 percent. 

The readings show severe uncorrelated frame-to-frame fluctuations, neighboring points 
differing by as much as a factor of 2. There Is soine indication that these start at about Frame 
15, but since only 1 percent of the total thermal flux has been emitt.d by that time, it is doubt- 
ful that the cause of the fluctuations could be thermal damage. Note that high cloud brightness 
is always correlated with high water background brightness. Presumably this overall frame 
brightness variation is due to variations in the (aominally 1 msec) opening time of the camera 
shutter. While it is believed that the camera used in Serles 36236 gives extraordinarily bad 
results, it appears from a closer examination of Figure 4.28 that this failure is endemic to 
GSAP-type cameras. Consequently, caution must be exercised in making comparisons of 
brightness among frames. 

Over and above these fluctuations, Figure 4.29 has the general shape of a thermal-irradiance 
curve. Such ® curve for Dakota, taken from the B- 57 with 90°-field-of-view calorimeters for a 
passband 7,000 to 9,000 A (that is, virtually the same as the Red response) is also shown in the 
figure; the fit te seen to be rather good, (The radiometer curve is arbitrarily normalized at 
ite maximum point.) However, the cloud brightnesses at the two thermal maxima do not mirror 
the situatior. In Figure 4.28, which shows the fireball to have essentially the same brightness at 
the two maxima. This effect is probably caused by the tacrease tn fireball area, which grows 
by about a factor 7 in this time; and by the lessening of the distance from the fireball surface to 
the cloud. The projected distance to the cloud from the fireball edge decreases from about 4 to 
1.5 fireball radil during this time (densitometer traces show the fireball to be only half its ap- 
parent size in the necessarily poor reproduction of Frame 0). The actual distance to the cloud 
is zomewhat cloesr than this projected distance; the air shock has already reached it by Frame 
150, while the shock froth has not. 

Also shown in Figure 4.29, is the maximum-brightnesa curve for $6300, replotted from Fig- 
ure 4.28 and normalized to the radiometer curve at thermal maximum. The maximum-bright- 
ness curve lies above the radiometer curve, bot’ before and after maximum; this may be partly 
aue to the normalization procedure (note the sca..er of the points n ar maximum). This effect 
ia rather difficult to correlate with the other observations of this atudy. 

It may be concluded that the results of this maximum-brightness approach, both for the fire- 
ball and the albedo of nearby objects, must be interpreted with considerable caution; results as 
described tn this section are only indicative of the total thermal flux pattern. 
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4.5.4 Comparison of Polaroid Pictures of Shot Dakota. Series 36249 and 36250 are comple- 
mentary Pela roid telephoto photographa, taken on Microfile film. They are shown tn the 
Appendix. These serieza will be referred to as @ (horizontal polarization) and ¢, respectively. 
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ference in early (V Frame 8)  tugrapins but only a negligible difference in later ones. The 
phutographs show the whole fireball up to about Frame € but only about two-thirds of uty on the 
average, thereafter; no island fiducial marks appear; there is @ small cloud at the left oi the 
fireball appearing at a projected distance of about 3,500 feet from surface zero, and a rather 
large cloud system appearing under and to the lower right of the fireball in the photographs, al 
at about 3,500 feet from surface zero, Unfortunately, the cameras suiier sumewhat from the 
drawback of variable shutter speeds (Section 4.5.3). This effect is apparent in Figure 4.24; it 
evidenced by the greater fireball brightness shown there (the light from the fireball is not ex- 
pected to be polarized), 

The following paira of photographs were compared: 

A. Frames 0, 6 and ¢ 

B. Horizontai scans only, through fireball center, on Frames 1, 2, 3, 4, #@ and «i 

C. Frames 7, @ and o 

D. Frames 9, 9 and ¢ 

E. Frames 24, 4 and». These were rejected out of hand because the shutter opening vari 
tion was too great; puinta on ¢ were all about 50 percent higher than corresponding points on ( 

F. Frames 64, Gad ¢ 

G. Frames 34 and 44, 6 and 39, o. These too were rejected for brightness-difference reust 

Results of Frame Comparisons. Frames Zero. As expected, since ¢ is 
0.006 second younger than 8, corresponding points on the photographs are considerably bright: 
except in the immediate neighborhood of the smaller firebali. This makes absolute comparisc 
of the scattering and reflection rather difficult. The angular distributions of tne air plus wate 
albedos are shown in Figure 4.30. Note that for both polarizations the brightnesses to the rig! 
and left of the fireball correspond closely to those in front. This effect ia observed in the Rec 
and Blue series also, and suggesta that scattering from the water surface, at least ai these 
angles, is amall compared to air scattering: there is no special forward scattering (from a 
water surface). The few points behind the bright .emisphere show a somewhat morc complici 
behavior. The verticaliy polarized light appears to fall off more steeply than the horizontally 
polarized; the slopes on the loglog plot being — 1.7 and—1.1. This somewhat unexpected behay 
of the albedo light is explained by the observations on succeeding frames. 

Frames 1, 2, 3, 4. The brightr-sses as 4 function of angle from fireball edge, me: 
ured on a horizontal sen to the right anc through the center of the flreball are ahown in Figu 
4.31. The shutters appear to be quite weil Dehaved, but the differences in time zero again mi 
absolute intercomparison i:npossible. The slooes of such loglog plots appear to decrease as: 
fireball gels larger and lese bright; larger luminaries result in flatter aureoles. This is plas 
ible from % superposition-of-point-sources viawpoint. This same behavior is observed in the 
Red photographs of Zuni (Figure 4.16); however, there is some indication of ateeper slopes fc 
@. Note that even at three or four flreball diameters, where th. {lreball should appear as a 
reasonable point source, the slopes in Frames «ero and 1 do nut coincide. (This nonlinearit: 
suggesta an admixture of scatteriry from the water surface for the taller fireball. ) 

Graphs of brighincss of puinis as measured from the fireball center are steeper near the 
fireball edge; the slopes of the curves compurable to those in Figure 4.31 are about 3. 

Framer 7. These photographs are somewhat past thermal minimum. The radius of « 
by now only about 2 percent greater than that of ¢, and its peak brightness appears 50 percen 
higher. However, the older @ shows more limb darkening (tha‘ is, the microdensitometer 
trace acrosa the fireball cente is more bowed; (see Section 4.46) and at about two thirds flreb 
radius frum the center of the two flreball surfaces ave equal brightness. This is av intrinsl 
property of the firebali and its surrounding absorsiag medium which does not appear tu be po 
izatlon-dependent (se: below). 


105 


SECRET 


the intensity is not great enough to pyrmit a proper scattering function to de measured. The 
brighter # ie consonant with greater @ water scattering ur alr scattering, ‘The shock froth haa 
net yet devoloped sufficiently to be useful jor scattering measyrements. 

Frames 24. Since the shutter time variation here makes points on % all aj-our 50 p. rcent 
brighter than corresponding points on @, these photographs were not analyzed. 

Yrames 64; Thermal Maximum. The fireball is mature, and the differences in 
times sero should have a negligible effect. The maximum brightnesses in the fireball here are 
ast J to 1S percent higher for @; this holds ior five separate pairs of scans over the now- 
large flrebal!. However, in suite of this difference in firelall center brightness, 9 is generally 
20 to 30: percent be ighter than » on scatvering surfaces: this obtains for water and shock froth 
surfaces to the right and left of the fireball, as well as thoge in front of the firetsacl. In other 
words, in each of the scans the optical density of @ photographs ta larger ai corresponding 
polots in the {lrehall, crosses the trace of ? somewhere i ‘he absorption shell, end then is 
lower Ghan the ?-oplicai density outside « the self-lumincus area, This indicates that the @ 
albedo is of i.e order of 3° percent gre. tr than the ¢@ elbedo, in all direction. 

Frames 39 and 444 and 39 4. Again, no comparison was posaible, 

Polar. zation cx the sock Froth. A series of density and brightness measurements 
was trace at adjacent poinia on the shock froth boundary, one point lying within the shock froth 
aad the other just outaide. This was done c 4 Frames 10, 25, 25, 45, and 65, and @ Frames 
10, 1%, 25, 40, and 65. The brightness jus: /naide ts two tc four times as great as the outside 
brightness, as is ovserved with the Red a 4 Blue photugraphs (Section 4.5.2). Also measured 
was the brightness of the shock froth, om us ingide ({lrebali) edge. In these measurements, no 
difference between the scattering patterns of * and @ was resolvable, As was pointed out above, 
ihe differences {n shutter times makes absolute ' omparisons difficult; the evidence of Frames 
64, however, suggests that ?-albedo, wacorrect:. =r air-light, is ir general some 30 percent 
higher than d-albedo. 

The shock froth brightness cecreases from the front of the fireball around to the sides. The 
brightness at the a.des of the shock (roth is only 60 percent as high as at the front. The shock 
ring appvars symmetric aboul a cesier tine, as expected. The decrease may be due to tne ab- 
surptiu., of light by the shocked alr (Section 4.4.5); the polarized light from the shock froth shows 
the characteristic minimus (sag) shown more strikingly in ihe Blue photographs. This lends 
credence to the argument given in Section 4.4.5 that the chock>od air is absorbing because of NO, 
absorption: the sag in the anock froth is less in the Polaroiw - avelengths as expected, but none- 
theless it is definitely detectable. 

Summary. lo general, the overall thermal flux ts not strongly poiarization-dependent. 

The 0-albedo appeais in Frames 64 to be some 30 percent higher than the ¢-albedo; there is 
evidence in Frames 9 to support this; since the albedo coniri:utes roughly half of the flux, the 
totai # flux would ne about 15 percent greater than the 4-flux. Furthermore, there is a very 
weak indivation that fhe vertically polarized air-cum-water albeds has: slightly faster falloff 
wi agle trom the fireball, than dees the horizontally polarized albedo. 

‘io fib of the shutter variations and the time ver. differeac:, firm upper iimits to the polari- 
father of the light from the yarious ceatures in the photographs cannot be safely given. lfferences 
bi tae tir vbotl peak ocightness; Limb darkening, aud absorption shell iraghtnesses are net resolved. 
Vhis tmpties thay the ausorptlon shell and air shock attenuate by absorpiion rather than scatter: 
Ing. faochas., no see ing differences bet veen the two polarizations is seen, 


4.5.5 Asymmetry. In general, dhe thermal) eaission of tee fireballs and their reflecting 
elon: cits appears tobe syvoametric aleut co vertical cenfval axis, as the photographs in the Ap- 
pendix shiow. Hewever, tor smatles wervons, there may be cousiderable asymmetry: and a 
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siaole aguines fiuctuations cauetag breakup. 

The Erie fireball begins to assume 4 square shape shortly after tajayq7; the sq@.iare is quite 
weil developed at 2t, .y77. During this time about a third oi the total thermai flux is emitted. 
Somewhat similar feacures are noted for Lacrosse, which has a very rough surface. From the 
high (66°) cbeervation angle, the Lacrosse plume (itrelf asymmetric) obscures almost haif the 
fireball at sacond thermal flux maximum; this phenomenon is discussed in Section 4.4.2. The 
asymmetry of the Lacrosse fireball is further evicenced by the variation in tllumination of the 
shock froth {Section 3.2.5). Calorimeter-radiome‘er results on Lacrosse show definite differ- 
ences in the thermal flux history of the land and water sides of the detonation (Reference 34). 

Dakota Asymmetry. The asymmetry of this device ia ...t, as mentioned initially, 
evident from a visual examination of the photographic record, It requires a very large number 
of scans across a large number cf ‘rames te properly characterize it; for this reagon, only 
Dakota has been thus analyzed. 

The brightnesses and brightness ratios (a.ymmetry) are shown in Figure 4.32 for the Red 
and Blue scans of Table 3.7; the figure also shows at what pointe on the microdenaitometer scans 
they are taken. he time at second thermal flux maximum was chosen for observation; aa wil! 
be shown later, qualitatively similar results are obtained at other times. 

Attempts were made to reduce all of the brightness figures tc a common base, but owing to 
the fact that the film calibrations did not refiect the actual conditions of use, this was not pos- 
sible. Asa resu't, the brightness figures must not be intercompared; the ratios however de- 
scribe in a semiquantitative way the thermal picture of the firenaii at second maximum, 

The B-57 and B-€6 records are taken from the same side of the fireball, and they are in 
essential accord; on this side the fireball is thermaily symmetric in the Red photographs. With 
the Blue film-ftlter combination, there is definite evidence of symmetry; the ratio of the bright- 
ness on the right sice to that on the left side ia 1.'/ for the B-5. and 2.45 for the B-66. The 
microdensitometcr traces show a definite uniform sag, which is not attributable to cloud effects. 
‘hese scens were taken acrosa the fireball at the same le vel; as closely as could be determined, 
they were made about a third of the disianre from the top f{ the luminous hemisphere to the 
bottom. The correspondence of the scan !:nes is most exact with the film records (Red and 
Biue) from an individual aircraft; it {s lesa exact with the records from different aircraft. 

The third and fourth aircraft, the B-§2 and the B-47, observed Dakota from higher angular 
altitudes than the others (62° and 37° as contrastea with 45° and 50°), and from azimuthal direc- 
tions about 160° ayy from the other tus aircraft. Thus they were ovserving the back of the 
fireball, and it might therefore be expected that the sense of the asymmetry observed by the 
B-57 and B-66 would here be reversed. For the Blue pictures, that is the observation: values 
of 0.57 and 0.46 \that is, about 1:2) are obtained for the ravio of the brightness of the right side 
to the left side. The pictures taken in the Red, however, exhibit ratios of 0.93 and 1.23. This 
effect was checked by examining other frar 38; for examgle, the same ratios :re obtained from 
Frames 150, Red and Blue, in the case of the B-47. Thee results suggest the p-esence of what 
may be called a cool spot in the fireball: the Blue asymmetry is greater than the Red. Although 
the plume is invariably larger in the Blue then in the Reci and might, at ieast in part, be respon- 
sitie for the asymmetry, traces low:r down and therefore farther away from the plume still 
exhibit this same behavior. Ji was found that in both the Red and Blue records, the asymmetry 
increased as the (races were made higher and higher on the fireball. On some of the views the 
lowest traces shew no detectable asymmetry. The asymmetry of the highest traces is somewhat 
uncertain, because of interfereni:e by ihe plume (see Figure 4.52, showing the criteria of the 
measurement). This {s mor: important in the high angular-altitude photography, where the 
plume occupies a g-eater propertion of the fi--ld of view relative to the firebali. Since the plume 
is amaller in the Red photographe than in the Blue, this decrease in the asymmetry of the 
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‘KneBe TANKSed iTOM V.0 Ungy yi LO 4.2 [max]. ne ratios of brightness of the right side to the 
left side of the fireball were f- und to be scattered throughout a range of 1.6 to 2.2. The spread 
of the data is somewhat greater tha might be desire 1; the acatter of the points precludes a 
decision on whether a trend is present. 

The inference of these reaults is that Dakota did nut smit thermal radiation symmetrically; 
parts of the fireball surface appear to have lower brightneases than others (over and above 
limb--darkening effects). That is to say, frem differnt aspects the weapon may appear to have 
different (thermal) ylelds. This may well be an important factor in the thermal dumage caused 
by such dev. 9s. 


4.6 ABSORPTION SHELL PHENOMENON 


ete ok, 


Thia section deale wi: . the properties of the dark attenuating ring that is seen to «ncircle the 
luminous flreball in each set of photographs (except the poorly resolved Cherokee series). The 
absorption shell has been rather poorly seen on previous te-ts bt ecause of the lack of shock froth 
: (air and jand bursts) and/or the lack of detailed photograpt, from above to utilize the shork 
i froth ac a viewiug screen for the absorption shell. However, in the Erie Red Series 34565, 

‘ Frames 1 through § show that the absurption shell of a 14.9-kt tower shot can be seen nearly as 
well against a land background as against a shock froth background, when seen from directly 
above. Also, in Zunt Series $4383, Frames 55 through 212 show thet under the proper circum- 
stances background clouds can make the absorption shell of a megaton-range burst spectacularly 
viaidie. 

The absorption shell, ficat seen at the Trinity test, was meagured on Shot Easy and discussed 
in the Operation Greenhouse report (Reference 35). 


4.6.1 General Properties. Tlearcut absorption shells are visible on all the reproductions 
shown in the Appendix, with the exception of the photographs of Cherokee. These include sur- 
face and land, and low-tower bursts. Tho resclution on the Cherokee ageriee is very low (the 
cange is some 131,000 feet), and no shock froth appears in this alrburst as a viewing screen 
for the absorption shell. This absence of the chock froth, « feature which is a) vays# strongly 
inevidance in the other photographs, points up the tdea that the less easily see: adsorption shell 
is simply missed. The quality of the Mohawk pictures is very low; the detonation is viewed 
through a thick haze; and the abeorption shell is only d nly seen in some of the series (not re- 
produced). 

The attenuating propertias cf the shell are sensibly the same in Red, Blus, and Polaroid (of 
this more later; see also Section €.5.2); no polarization difference is resolved. ‘The shvill is 
okgcervable as a highly attenuating ring obacuring the shock froth, right after oreakawzy, a+. the 
limb darkening of the firebail locreases (Section 3.2.11 and the photographs described in ths : 
section). The thicknass of the absorption shell increases with time; at second thermal flux max- 
imum it ls, t-;cally, a quarter of the fireball radius. The attenustlon of the shell decreases 
with time (d: -alls later). The iimitation on the raac:v bility of the shell at very late {ime le 
the lack of 1 :umination from the firebail.. In one extreme case, Navaiv (about 4.5 Bit) it ia still 
visible at 5.8 tren: 


4.6.2 Hydrodynamica. The time dependence of the eheli radius, fer Lacrosse (about 30.8 kt), 
Huron (alx ut 280 kt) and Zun! (about 3.38 Mt), is given in Figures 4.18 through 4.20; for Dakota, 
it ts given in Figure 4.24. This radius is quite sharply indicated on the dengliomete traces: 
the demarcation is less than a a#lit width at all magnifications, except after the ‘irabali begina to 
rise and loge its hemiapherical shape. ihe measurement, however, was made visually on the 
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time curve describing the shovk and radiation t ont, hile there is a discontinulty in the appar- 
ent fireball size. Thie vell-known effect occurs as the shock front becomes tranaparent and if 
becomes possibie to look deeper into the fireball; tt points up the observation of the last section 
that the outer edge of the absorption shel! .s a continuation of the once-luminous limb of the fire- 
bali. The absorption shell appears to scale hydrodynamically with device yield and time. in 
the four detonations for which data are presented, the avsorption shell radiua is 1.25 + 0.05 
times the mature (in the sense of Section 4.4.5) firebail radiua; consequently the absorption shell 
radius scales with device yield just as the fireball radius does. It is difficult to set up better 
scaling parameters, and in particular, a proper time-~scaling. for these relatively late-time 
phenomena. 

The thickness of the *bsorption shell varies over a very wide range. At times > 2t,,ax7, 
when the iuminous firebutl decreases in size, the absorption shell keeps on growing. At fire- 
dall maturity, this thicknese is given by 


@ © 0.25R = 70 w/? (21) 


where the thickness © is ir feet and the devic: yield W is in kilotons. This point will be 
brought up in the discuasion of the attenuation of the absorption shell. 

The velocity of growth c. the fireball and the absorption shell ia shown in Figure 4.33. Con- 
siderable experimental inaccuracy in the data is introduced i 7 the subtraction of neighboring 
pointa. The fireball growth velocity is not particilarly meaningful at times after breakaway and 
at late ti:nea (it appe irs negative in some of the fii series). On this somewhat inchoate figure, 
the growth speeda appear to go about as 1/(time); there is no marked difference in this slope 
aniong the several detonations. (In the Taylor shock region, the air shock velocity should go 
agt “if. the shock is rapidly outdiatancing the fireball and absorption shell.) The velocity of 
the absorption sheil outer edge through the air that has been preheated by the shock wave, be- 
comes subsonic at times tnat do not scale with the time to thermal flux minimum; this is of 
course expected for a hydrodynamic phenomenon. These subsonic speeds suggest that the ab- 
sorpticia shell propagates by cfher than air-shock mechanisms. 


4.6.3 Absorption Coefficient. Part of the shock froth is typically obscured by the absorption 
sheil; it ls possible to compare the brightness of the inobscured froth to the obacured region, 
and so calculate the absorption. The apparent brightnesses must be corrected for the aureole 
light, a difflcult correction that often entails a subtracticn of two numbers that are very close 
to one another. In practica, only a single absorption measurement can be made on any one 
scan; this is the attenuation at the outer edge of the absorption shell. The edge is extremely 
sharp, and it is difil: ult to assign a path length to the light passing thruugh the absorbing region. 
For these and other reasons that will become appa:ent in the following diacussion, accurate 
measurement of ti e attenuation coefficient of the absorption shell ia not possible; only approxl- 
mate figures, and trends, can be given. 

Zuni. The series of (Red) frames oc) «© shown and described qualitatively in Section 
3.2.7, show the absorption shell attenuating the light from the shock froth as well as from the 
clouds behind the fireball. Unfortunately, the complementary Blue photographs are of such 
poor quality as to be unanalyzable. Qualitatively, it can be seen that the Red attenuation de- 
creases with time; in Frames 27 and 55 the shock froth edge is not visible through the absorp- 
tion shell, but by Frame 121 (secor | thermal maximum) this edge shows through quite clearly; 

‘ven the inner abeorption shell ie partially transparent. Tt : same general behavior is observed 
for the clouda above the fireball and shel:. After Frame 286, no absorption is apparent in the 
reproductions, brt on the original photographs it can be seen to Frame 689. The inner band-— 
further justification for which will be given later in this section—-peraists also and appears to 
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movi sun. BCA BLUNng Une Lirenall, 8vUCcn as Scan Line A in Figure 4.34, was taken; this scan 
intercepta the absorption shell where it obscures tl e shock froth and the unobscured shock froth 
as well. The air-scattering contribution ie evaluated from Scan Line B, which just clears the 
frothed ring. Elghty-flve percent of the brightness measured just outside the edge of the absorp- 
tion shell is subtracted from each of the two shock froth brightneases; thie assures that 85 per- 
cent of the apparent albedo from the unshocked water is air -light, an assumption that Is discussec 
in Section 4.5.2. The absorption shell attenuation, then, dependa on the interpretation of the 
air-scattering measurements. 

A typical microdensitometer Scan Line A, 37.3 on Frame 83, is shown in Figure 4,35. The 
densities are proportional to logarithms of the light intensities. The (air + water) background 
gets brighter near the fireball, as does the shock froth. The slowness of the rise and fall of 
these brightnesses is principally an instrumental effect, due to the finite-sized slit passing over 
the obliquely oriented demarcation line. ‘Transition from dark to light sections of the absorptio 
sheil is marke:' by a small change in the slope of the brightneas-distance curve, rather thana 
step function in orightness. The transition from the inner (bright) absorption shell to the fire- 
ball proper is easily found by the sharp change in slope, as is indicated inthe diagram. The 
absorption of light from the shock froth appears to be highest at the outer edge of the (dark) 
absorption shell in all such scans; apparently the lowering of illumination with increasing dis- 
tance from the flrebal! overcomes any increase in absorption due to greater thickness of shell 
traversed. An upper limit te the transition region at the edge of the shell is 100 feet; it may 
very well be much less. 

Note that the details of the inner and outer absorption shells are masked by nolse. The 
shock froth 1s brightest, and the absorption shell region least bright, at adjoining points. These 
two brightnesses are chosen for the attenuation measurement. The corrected ratios of these 
brightnesses are given !n Tabie 4.20 (which also p-esente the raw data) and in Figure 4.396. 

Also presented in Figure 4.36 is the function 


Pg oe _(inside brightness) 
‘ 8 Be (outside brightness) (4.22) 


Where: «’ = rough measure of the ubsorption coefficient of the absorption shell 
© = shell thickness, centimeters. 


This crude procedure assumes that the light path is one shell thickness and that the attenu- 
ating properties of the absorption chell are the same throughout its volume, an even more pre- 
sumptuous assumption. Furthermore, only the most trivial type of radiation transpori—- pure 
experimental attenuation— is assumed. Consequently, 4’ should not be regarded as a proper 
absorption coefficient. 

While there is considerable scatter in these points, especially at eariy and late times when 
the illumination is low and one is working on the toe of the H and D curve, the trend of the 
results ia quite clea: the attenuation of the absorption shell decreases with time; uw’ going about 
as t 7/7, 

A rough chec «on (hese results was provided by measurements of the attenuation of the light 
from the cloud 9 the right of the plume. Because of the rapid point-to-point fluctuation of the 
light from suc! 2 viewing ecreen, consistent frame-to-frame variations were not observed. 
The transniss: 5n, however, turned out to be in the same range as that observed with the she: k 
froth ua viewing screen. 

Thee necessarily cr: de measurements indicate that the absorption shell is attenuating the 
ied thermal flux by about a factor of 2 at times near second maximum. in light of the approxl- 

iationa in the procedure, further interpretation of these data should be made with caution. 

Flathead, Upon examinationo ¢:e several film sertea available, it was found that the 
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servation (altitude) angle of 42° is not as satisiactory as the icwer angle of the Zuni obpervatic 
At this high angle, Scan Line B ts at a considersbvie angle from Scar: Ling A (Figure 4.34) and 

the location of the proper air-light point on the rapidly rising brightress curve of Scan Line B 
ia extremely uncertain. Furthermore, the Blue Scan Line B ta taken through a greater thick- 
ness of absorbing shocked air, making the apparent air light too low. 

Consequently even these optimum series give results of considerably lower accuracy than 
those taken on Zuni; these resulta permit only rough inferences about the absorption shell to b 
made. The attenuation of the absorption shell appeare to decrease with time in both Blue and 
Red; indeed, this behavior can be observed qualitatively in all the series shown in the Append 
The Blue light is attenuated by about a factor of 3 at half the time to second thermal flux maxi. 
mum; the attenuation factor har decreased tc about 2 at 2troyyy. This attenuation may be too 
low because of the failure to subtract a high enough air-light contribution. The Red attenuatlo 
decreased from about 2 to 14, in this time. The attenuation coefficient yw’ is 4 < 10 in the 
Red and 8 x 10~ in the Blue at t,,ay77- It appears then that the Blue attenuation Is rather high 
than the Red, and that the Flathead (about 365 kt) Red attenuation ia nct as great as is that of 
Zunt (about 3,380 kt), Red. However, the Red attenuation coefficienta (u’s’) are about the sar 
for these two detonatlons. These should be considered as ivferences from rather poor data, 
rather than as firm conclusions. A principal implication of the Flathead measurements [s thai 
the absorption coefficient of the absorption shell—if such a parameter may be properly define 
is the same, within a factor of 3, for the Blue ard the Red. 


4.6.4 Limb Darkening. It was early noticed that the fireball photographs, both in the Red 
and in the Blue, exhibited the phenomenon of limb darkening, that is, a decrease of the image 
brightness toward the fireball sides on an equatorial scan. 

Dakota. The Dakota films were carefully examined in order to obtain a qualitative de- 
scription of this feature. in addition, the log relative brightness scans of a matching pair of 
Dakota Red-Blue films up to triay7 Were measured; these are shown in Figures 4.37 through 
4.39. These typify the g: neral features which are observed in the eight Dakota records exam! 
and which are described velow. Inthe Red, although Frame Zero shows no detectable Ilrab 
darkening, (the firebali is flat) some limb darkening appears almoat immediately thereafter, 
sometimes as early as Frame 1. This Red limb darkening then increzses, the bowing of the 
fireball getting mc.¢ pronounced. Ata time before tijgy77, but apparently weli after trin, thi 
limb darkening decreases and the fireball surface brightnese becomes flat over most of its 
extent. It is not possible to pinpoint the time of reveraal (Figure 4.39). Finally, as well as 
can be observed through the breakup of the fireball, the limb darkening appears to be graduall 
increasing again. 

The Blue limb darkeni:.g, on the other hand, is initially present in Frame Zero, appears tc 
increase in degree witht: ne, aad is still present at well after t,,gy7- Qualitatively, the mic: 
densitometer traces ahowing limb darkening in the Blue are different from those in the Red. 
The Blue firehal) brightness contour ig rounded, wherec3 the Red has a rather flat top extend. 
ing into a sharply rciunded corner and steep sides. 

Quantitative Analysis of a Typical Pair of Red-Blue Pictures. Acor 
centric absorbing layer around the fireball— whether air shock or absorption shell— should 
produce limb darkening. A crude analysis of this limb darkening has been performed. In this 
analysia it is assumed to be due to the variable thickness of material that the viewer must loo! 
through to see different parts of the luminous fireball. The fol'owing simplifying assumptiona 
have been made; (1) the luminous fireball itself has no intrinsic ‘imb darkening, (2) the absort 
ing material is uniformly conce::trated in a spherical shell whose aner radius is the fireball 
radius and whose outer radius is either the absorption shell or siock froth radius (both cases 


111 


SECRET 


itt sie eae 
ie NR) ~R) ~yt (a) 
- » (Ry ~ Ry) {4.23) 


” 1 (a) gee ey? 
miei La) a) 


F 
R, 


oe (4,24) 
4 


Where: I, = apparent surface brightness in a wavelength range centered at A 


to) 
u 


distance of the surface point from the center of the fireball, measured tn the 
plane of the photograph 


R, ~ ratlis of the fireball 
R, = outer absorbing shell radius 
y = extli -tiss coefficient (base e). 


This theoretical limb derkening formula ls 4 one-parameter formula, the parameter being }. 
The thecretical formvia was fitted to the experimental plot of the log of intenalty versus (pro- 
jected) radius by fitting the point a,, at which the log of the intensity ratio {, (a,) has the average 
of its values at the censer and tae edge of the fireball. It is necessary to choose a great circle 
(central) fireball micrudensitometer scan. This fit then determines ». The point at which the 
fit is made is near the edge of the fireball where there is a reiatively large length of abeor bing 
path. 

The results of thia analysis, performed on the Red and Blue pictures, Frame 45, Series 
36241 and 38242, centyal acon cf Dakota, ar: shown in Tabie 4.21. The remainder of this sec- 
tion is concer:.48 with this pair of pictures. This fit to the data is plotted in Figure 4.40. The 
fit to the Blue dats is excallent, Indicating that, for the Blue absorption, the assumptions made 
are probavly valid; however, the fit to the Red dats is not very good, which indicates that the 
model ia sot a good one (or the abscrption in the Red. There is no marked differance in the > 
obtained for different absorbing she. radii. 

I should ba noted that the fit to the data ia not markeiy sensitive to the distance chosen as 
the outer radius of the attenuating shell. The crucial distance in this extinction coefficient cai- 
culation is the differance betwo2n the pat! lengths of absorbing material traversed looking at the 
point at diatance a fom the center, and at the center of the fireball. Wher tha outer radius of 
the absorbing ehell js increzsand, toth of these puth lengths increage, but their difference, which 
is the important distance ire, increases only alightiy, and thus the extinction coefficient de- 
creases ony slightly. This brings about the closen¢ed of the calculated 7's for the different 
outer shell radii. 

A second fact witich ahould be acted about fitting the dats la that changing the extinction coe!:- 
ficlent doas not change the shape c! the curve, but only multiplies the whole curve (on this log 
plot) by a avale factor; in addition, changing the values of the absorption shell radii also doew 
not greatly changa the shaps of -he curve, in particular, the sharp corner of the Red limb 
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corresponded to 37 meters in the actual burst geometry. The wicrodensitometer trace is usu- 
ally very jagged; furthermore, it is imaii in size, and there ia difficulty in reading points from 
numerically. The sumerical values f density are probably accurate to 1 part in 20. These 
density values :avet iow be converted io intensity values using the H and D curve; this opera- 
tion ia relatively accurate, but it still involves another numerical-graphical operation with 
some attendant error. Finally, in analyzing the limb darkening, the fireball radius, to which 
the extinction coefficient (in this analysis) iz sensitive, is chosen by inspection, An error in 
the fireball radius equal to the slit width can change the extinction coefficient by 1 part in 8. 
The accuracy of the number obtained for the extinction coefficlent (over and above the failure 
of the asaumptions mentioned in the second paragraph) is probably no better than 1 in 5. 

Further Darkening Analysis. Several simpie attempts were made to refine the 
limb darkening discussion. One of these is an attenipt to correct for background air-light. In 
making this correction, the background air-light as measured in the microdensitometer was 
smoothed ff and extrapolated through the center of the fireball. This affects the brightness xt 
the firebali edges markedly, but the central brightness is virtually unchanged. (Actually, thia 
13 a somewhat arbitrary correction; the extrapolation is quite subjective, but the Frame-Zero 
and other flat-top evidence shows the air-light must be flat acroas the foreball center.) The 
log of the corrected fireball intensity was then plotted and the limb darkening analysis carried 
out for the corrected curve. These results, which give an extinction coefficient differing by 
about 20 percent from the uncorrected extinction coefficient, are listed in Table 4.21. This 
procedure did not affect the fit to the curves. 

Another simple attempt to refine the discuss'on without making detalied calculations was thi 
removal of the intrinsic limb darkening due to the luminous flreball itaelf. A simple hypothes! 
to investigate is that the intrinsic fireball limb darkening is similar to that of the aun. An at- 
tempt based on this hypothesis, in which the fireball intensity was increased so as to remove 
the sun’s limb darkening (Reference 36), led to a corrected fireball intensity that has a maxi- 
mum at some distance from the center rather than at the center. Such a fireball intensity pro. 
file is unreasonable, and ao no further limb darkening analysis was performed on these curves 
This result, shown in Figures 4.41 and 4.42, shows that the fireball has less intrinsic limb 
darkening than the sun. 

Discussion. Returning to the discussion of the extinction coefficient found from this 
limb darkening analysis, it may be concluded that the results {rom this alone (Table 4.21) can- 
not determine the location of the absorbing material. However, the direct photographic evider 
si.cwse that the absorbing material for the Blue radiation extende from the fireball to the shock 
front with additional attenuation in the absorption shell. For the Rad radiation, it extends fro: 
the fireball only tc the outer absorption shell radius; the air shock shows no apparent absorpt! 
and only alight scattering of the radiation. The extinction coeificients caiculated from this lin 
darkening discussion are higher than from the chord data (Section 4.6.3), but in light of the ap. 
proximations made in the two sets of calculations the check {s reasonably good. 

The poor theoreticel {it to the Red data indicates that the absorbing layer around the fireba! 
does not cause the limb darkening ix the simple fashion described hare. Presumably limb dar 
ening inside the fireball, which requires a more detailed radiation t-ansport analysis for kia e: 
planation, is an ‘mportant factor in the Red limb darkening. (See Section 4.6.5 for an outline o 
more detailed radiative transfer analysis.) Furthermore, the presence of the bright tnnor abs 
tion shell indicates that the close-in layers of this mantie are not enough to be self-lumixous. 

The good fit ta the Blue data is partly fortuitous and should no’ obscure the fact that the in- 
ternal structure of the luminous fireball also contributes to the limb darkening. The required 
atte.uation of 20 x 107 cm~t would cause over 80 percent of the fireball light to be abworbed 
by the abaorptl:-n shell alone. Thia model gives too high an attenuation in the Blue, 
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solve any significant differences in the attenuating propettien of the shells of different yield 
(but see Section 4.6.3). A further point of importance is that radiometer and calorimeter re- 
| cults do not indicate any great deviation of the total thermal flux from a firat-power-of-yield 

law; consequently, the attenuation of the absorption shel! cannot vary sharply with yleld. 
| This constancy of the gross properties of the absorption shell implles that the number of 
| attenuating centers produced varies as the surface area of the fireball, as the foilowing argu- 
ment shows. 

It is possible to write (following Sections 4.4.5 und 4.6.2) 


R; = Kp w'4 (4.25) 
aid 
@ = Ky wil, (4.28) 


where R, and © are the radius and thickness of the absorption shell of a weapon having yield 
W, and the K’s are appropriate constants. Then the shell volume V is given by 
= 21 R7 © = 27Kpz Ky W (4.27) 
| 


Let N (=KyW ") be the total number of attenuating centers produced. If the total attenuation 
factor is the same for all devices, then, assuming a simple attenuation law to hold 


exp — (my °) = constant’ (4.28) 
(where M {s an absorption «ross section) and 
| N 6 = constant = i cee (4.29) 
™ 27 Kp W 
Thus 
} wi ~ wt and n= %, (4.30) 


The area of the emitting surface varies as wf also. Thia effect indicates a f:rther connection 
between the absorption shell and the thermal output. However, acceptance of this reault means 
a rejection of the usual (that is, hydrodynamical) scaling laws for detonations at a given scaled 
| radius and scaled time, the temperature, pressure, and density (and thus presumably the chemi- 
i cal composition) have fixed values. Nonetheless, this accepted acaling does not give the observed 
} attenuating properties of the absorption sheil, in that the attenuation does not scale with the shell 
4 thickness, it predicts that larger devices should have thicker absorbing mantles and cor tequently 
h lower brightness and iotal thermal flux. Presumably the reaclution of this paradox lies in a 
: move realistic atudy of the radiation transport through the absorption shell, The existence of a 
temperature (anc therefore an absorber concentration) gradient is certainly to be expected on 
theoretical grounds and is further tiferred by the bright faner section of the absorption shell. 
Temperature Rise. Anctaer chsck on the properties of this attenuating mantie may be 
made by calculating its epee increase 4ST on absorption of half (see Section 4.6.3) of 
the thermal flux. Since K,, = 70 and K,,. = 290 (W in kilotuna, distances in feet), V= 4x 107 
Wit?, In lieu of a detalled calculation taking into account the details of fireball brighi:ieas and 
absuxption she'll properties, asaume that all the thermal flux is emitted a1 second maximum, 
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21.5 190 °K (4.31) 
wher2 A is the fraction of W lea ing tne fireball as thermal flux and p/p, is the (normalized, 
average) density of the alr in the 2 sorption shell. If 4 ~ 0.4 (Reference 1) and p/p, ~ 0.25 
(Reference 29; this is actually a very crude figure, but it dces not appreciably affect the con- 
clusic 1a below) then AT * 2,400°K. Now, in actuality the temperature rise takes place over 
the whole thermal history of the detonation, and in light of the possibility of the reradiation of 
this absorbed energy at longer wavelengths this figure should not be regarded as making the 
absorption shell hotter than is experimentally observed, In fact, it is possible to conclude fron: 
this argument that the absorption shell can very well absorb half of the thermal flux (in the 
crude sense of this argument, that is, regard it as a simple filter) with unresolved temperature 
increase, which is consistent with that observed in this experiment. 

Origin. Considerable effort has been @xpended in an attempt to find the molecular species 
(cr other absorber) responsible for the attenuation of the shell. It ls not possible, out of hand, 
to reconcile the properties of NO, with the absorpticn, a its attenuation coefficient in the Blue 
is at least 200 times as reat as in the Red at laboratory ( ~ 300°K) temperatures (Figure 4.2). 
While aome wavelength flatteniag of thie coefficient ia expected at high temperatures— the Red 
absorption coefficient increases up to 500°K (References 37 and 38)— considerably more change 
thar. has been observed in analogous cases would be needed ts explain the near-similarity of the 
Red and Blue attenuations at the absorption shell temperatures (1,500 to 2,000° K). Calculation 
of the popu. ation of excited atates of triatomic molecules at these temperatures in extremily 
difficult. In passing lt should be remarked that, if other experiments can be devised to show 
the absorber is indeed NO,, the high-tempera ure ateorption coefficients and popul: tion states 
of this gas Secume experimentally accessible in observations of detonations. 

Clearcut NO, absorption bands are in fact spectroscoptcally observed in the early stages of 
the detonation; the apparent absorption increases to a maximum at breakaway, thermal flux 
minimum (recall apparent extinction of the Blue fireball), and then starts to decrease (Chapter 
3). This behavior is consistent with th: early NO, in the shock-radiation front being pushed out 
nto the shocked air where it is metastable at the lower temperature (freezing-in); the air shock 
ig attenuating in the Blue. Presumably conditions for further NO, formation still exist after 
breakaway. 

It is experted that details of the Red and Blue radiation iransport phenomena should be quite 
different; for example, the Red absorption shell appeara in part luminous, as is evidenced by 
the inner bright section. Further analysie of this question may aid in explaining the lack of 
pron. nced attenuation differences. 

A second hypothesis that was considered briefly is that the absorption shell attenuation Ls 
due to the scattering by iron particles, the order of 1 micron in size, Enough auch particles 
can be made to give the observed attenuation, from about 5 tons of iron per megaton yleld; fur- 
thermore, any Red-Blue attenuation difference can be fitted by arial adjustments in the (average) 
size of the particles. However, this attempt waa abandcaed when it was realized that such ma- 
terials travel only a few meters, the fireball growing by engulfing air. 

Discussion of Theoretical Model. This section ia devoted te theoretical conald- 
erations for finding a mechanisi1 tu account for the absorption shell. 

Temperatures, Densities. To explai: the shell, it {s necessary to have some idea 
of the temperatures and densities throughout the blast and the absorption coeffictents for the 
various chemical consiituents as functions of the temperature and density of air. 

The temperatures and densities throughout the blast were determined from Reference 29. 
That report assumes an early phase during which radiation spreads the thormal energy evenly 
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were found to ecale fairly accurately. The fircball temperatures in the report, however, are 
somewhat too high because of the neglect of thermal radiation. A more recent report (Reference 
39) approximately acrounta for radiative losses in the vicinity of the fireball and results in lows - 
fireball temperatures. Except :or very sarly and late times, the two reports differ only in de- 
tails. In the region of concern, both are in substantial agreement. 

Absorption by NO,. There has been much speculation ac to which process is respon- 
sible for the absorption of radiation in the abscrption shell. it is believed that the NO, molecule 
is responsible for most of the absorption in: the absorption shell. Referenc 4) reports substan- 
tial absorption spectra of NO, in the firebail of a 20-kt biast for times hetween trenkaway and 
second thermal maximum. This observation has been confirmed for ktloton and megaton ytelds 
during Operation Redwing. Since these a 2 the times of concern in this analysis, NO, absorp- 
tion should be an ‘mpcviant factor. There is very little theoretical information on the NO, 
molecule, nor is there much experimental radiation abacrption data— none over 1,000" K. 

The one plece of quantitative information on the magnitude of the absorption ts contained in 
Figure 4.35. This indicates that approximately 40 percent of the light from the shock {roth is 
absorbed by the absorption shell at this particular time. Figure 4.35 le based on data taken 
through a red filter, a spectrum approximately in the 1.50- to 1.75-ev interval. The only band 
spectrum in this interval is the N;(i,) spectrum, but this becomes significant only above 
4,000° K. The continuum absorption is unimportant below 6,000° K. Thus, NO, data (in this 
region is essential. 

The best data on NO, abscrption goes up to 1,000° K in the blue and 500° x in the red and 
infrared (Reference 38). In order to make some estimate of the absorption coefficients at higher 
temperatures in the red, it is assumed that the temperature does .o more than increase the 
population of the firat excited state of the NO, molecule, i.e. the increased absorption is due to 
the increased number of transitions zrising from the first excited state. This simple model. 
gives a good fit to the referenced data above 400° K. The 300° K data is complicated by the 
presence of N,0O,. However, the model is simple anc cannot be expected to be valid over a wide 
range of temperature and frequency. The model seeing to be valid in the red portion of the ref- 
erenced data and invalid In the blue and infrared. Using this approach, the NO, absorption crores 
section was then arbitrarily taken to hold at all temperatures above 1,000° K in the calculation 
and was used to determine the NO, absorption coeffictents. 

Radiation Transport Through Air Containing Equilibrium Concentra: 
tion of NO;. The Zuni detonation at the time of Figure 4.35 was chosen for detailed study. 
Temperatures and densities were scaled from Reference 29. Several parallel sea-level chords 
were chosen through and beyond the absorption shell. Temperatures and densities were estab- 
lished along the chords. (These differ from the temperatures and densities In Reference 29 
which are along radii.) The intensity 1,, of the observed light ts calculated from the radiation 
tranaport equation: 


--T(0, 8) 


: ¢ 
I, (8) = I,, (0) e + j GAT", p’) B,(T’) es ’ 8) 5 a’ 


Where: «# = thickness of the absorption zheli 
I,, (0) = intensity at the fireball edge 
H, (T, p) = absorption coefficient 
B, (T) = intensity of light coming from a black body of temperature T 
T(s’, 3) = iF Mp(T’,p da”, 
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appears to be negligible. The absorption shel! should then be nonluminous, However, it wiil 
require further work to establish whether the intensity obtained from the integral term of the 
calculation would register on the film of the observation alrcrailt. 

In the foregoing calculation, local thermodynamic equilibrium la assumed to prevall through 
vut the blast, and consequently, the equilibrium concentrations given by Hefei -nce 44 are used 
ja the determination of th- abeorption coefficienta from the various components of alr. The 
various chorc'a have the behavior that would be antictpated from the smooth variation of temp- 
erature and denaity. The contribution of the source term increases in going from the cooler 
shock front toward the fireball. Similariy, the optical depth increases as chorda are taken 
nearer the fireball, so that absorption of incident radiation increases markedly. There |s no 
discontinuity in absorption that could be labeled au absorption sheil. The only indication is that 
at the radial distance for the absurption shell as given by the data, there seems to exist an a- 
mount cf absorption tndicated in Figure 4.35. 

Freezing-in Mechanism for NO,. The front of the absorption shell is cbserved 
to be very sharp, and the calculations of the previous section give no account of that. 

A possible solution to this difficulty lies in the focmation of nonequilibrium and higher con- 
centrationa of NO,, 

The chemical reactions of interest are: 


tc 


Ny + oO, co ZNO 
2NO +0, ————— 2NO, 


The rate of the first of these reactions can be cbtained from Refererce 42. The rate in either 
direction is very sensitive to temperature. If a fraction of air is heated to a high eno ‘gh temp- 
erature and then cooled rapidly enough, the equilibrium concentration of NO at the higher 
temperature will be found at the lowe: vaiue. Tte gas has been frozen ia. Rapid oxidation 
follows, and a value for the concentration of NO, higher than that which would be obtained for 
this gas in alr at these same values of temperature and density would be found. It has been 
aptimated (Reference 4c) that heating the air to 2,400° K and cooling it to 1,800° at the rate of 
20,000° K/sec will produce significant amounts of NO. 

These particulars of the chemical formation of NO, suggest the following description of the 
forraation of the absorption shel}. The shock front raises the temperature of the air through 
which it passes. The air, tlus heated, coola rapidly and generates NO, in the manner already 
described. As the shock front progresses, the temperature to which the encounters { air is 
raised lessens until such a point {s reached where ne further nonequilibrium NO, is procuced. 
The NO, proceeds with particle velocity and the reglon expands but at a velocity less than that 
of the shock front. 

The qualitative features of tie absorption shell are thus accounted for; however, some im-~ 
portant data is missing. The description cannot, therefore, be supported quantitatively. The 
chemical kinetics of the formation of NO, are in dlapute. There Is general agreement uf the 
qualitative aspects of the reactlon, but the situation is completely reversed when the quantitatly 
results are considered. T.e periinent absorption croan sections for NO, at te temperatures 
and densities of interest are also among the vital daia . eded for a quantitative “escription of 
the absorption shell. Finally, 2 more detailed ana'y »is that would deacribe the Lule history of 
a particie subjected to shock js nevessary. 

A rough Quantitative check of the consiatency of the model can be obtained froa Figures 
4.18 through 4,20, wi ich present the radius-time curves of the shock front as well ae of the ab- 
sorption s- “lk. Accerding to the model, the front of the absurption shell should olucide with 
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Wydrodynamics Badis for Sharp Absorption Front. Inspection of the tesap- 
era‘ure profiles of Reference 39 has revealed an lsothernial regiui that trails behind the shock 
{runt. The radius of the edge of this plateau as a function of time was compareu to the outer 
radius ithe 25sorpiion shell for Shot Zuni, an’ the curves were practically identical. Jf it 
can be shown that the luutherma. reglon is not: t an accident of the method of calculation but 
vepresents 9 truc hydrodynamic pheaomenon, such a region may well be related to the observed 
absorption shell, e.g. ., by accentuating the mechanism discussed above or by intvcducing the 
Usecntinuity olesing in the mechanism, 

The remarks made eariier concyu: ning a quantitative description apply even more so for this 
midel, In particular, the reality of t's temperature platzau should be studied. It has been 
Suggecte’ tha. ‘he front edge may bi. a contact discontinuity. In any care, the temperature 
iistory of particles in that reg:ou should be studied in some detail, 


GECREF 


Shot Aijreralt w ds rh 


mim 
Laerasse OLY 14 AN 0.7) 
Cherokee B~47 40 0.65 G83 
Auni H-A9 Me 0.04 0.67 
B-66 4 0.63 0.04 
Erie 13-57 17 0.7) 0.78 
Flathead H~"7 V7 Q.67 G.70 
B--66 1a 0.00 0.69 
Dakota B-47 44 167 0.60 
R-07 nf O44 0.59 
B-66 4A O46 0.60 
Apache B-4T 30 0.61 O.G4 
B-57 48 0.56 0.60 
K-66 4g 0.56 0.60 
Navijo B-47 41 0.61 0.64 
Tewa B-47 28 6.62 0,64 
R-66 35 A.B60 0.63 
Huron B-57 19 0.65 0.68 
B-66 17 0.67 0.70 
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TABLE 1.20 METEOROLOGICAL DATA 


AF es er Oe OA ee RE ery ert OA Er 


5 x Le ‘f ~~ Surtac * 
Surface Ady s weve urface 


“Vapor Suriaee Inver elo 
iain eEnce Wind Surface "YS ial 


Shoat tor Barometric Relative Pressure Wind ; os Layer 
Pompe rature . : Direction Visibility 
Pressure Humility Po Speed Height 
_ “FO os mb”—~—C™ mm Hg knot so degrees mile—C«wC 

Irie RO.3 1,009.1 HO? 21.2 12 100 V0 ~ 10,500 
Lacrosne AL 1,008.5 Re 22.8 16 AO yes ~ 7,000 
Huron Rp.4 1,007.48 Kl yao 17 on 13} — 
Mohstwk T9.0 1,070.2 RI 21.0 16 100 10 —_— 
Flatheudt 82.0 1,012.9 La 23.0 La) 50 9 17,000 
Dakota Kuda 1,009.1 RO u2.4 4 “A ww) —- 
Apache HOt 1,010.5 44 22. 15 AiD - iat - 1o,000 
Yumi KILLA L,O10.5 Hi) VE? i: TT) s ee) 
Cha rokees RE 1 og th Th ad 0 lu 1 ft Va 06060 
Weave? RIo Orn o a0 VUR N at i) _ 
ay ba ae 6 Lee Hts was is fie i bmens 

b 

| 
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06 84.8 7a 0.43 
). 2 eH. T 0.79 0.45 
Mad O!.2 0,89 0.51 


TABLE 3.4 SOLAR COLOR TEMPERATURES EXTRAPOLATELD 
TO ZERO AIR MASS 


ee a PO Py Rpt gy Ae 


Dike Air Mass Method Temperature 
Source 

feces ee At AY ec neers aaa ana a 
State 1.60 Experimental 5,780 
Johnson 1.09 Experimenta! 5,7b0 
Sehers Ali Caleulated 5.600 
Opal 1.76 Direct measure 4,800 
Opai 2.55 Dikget measure 5,500 
Opal a.2) Direst measure 5,456 
Cal 4.07 Direct measure 5,400 
Opal 5.43 Direet measure 5,470 
(oartz 2 28 Reference 18 5,500 
Quartz oo? fk ference 18 5,600 
Quartz $6.02 Reference 18 5,850 
Quartz TOI Reference 18 5,800 


TT HN = 4 et ra 


TABLE 3.5 EFFECY OF COMBINING DATA FROM 
VARIOUS FILTERES DETEC’ ORS 


ee eer rmnee Kp een nema name mime ee at men es =e ee oe 


0.2 to 4.5 microns, Quartz & ondow Q 

0,2 to 0.7 microns, Filter q minus Filter A* 
% to 0.9 microns; Filter A minus Filter B 

0.9 to 2.0 microns; Filter Bo minus Filter C 

2.0 to 2.5 mierons, Filter € 


* The onergy in the 2.5- to $.5-micron region as 
neverly complec ly absorbed by water vapor. 
Furthermore, the cnergy fa this interval is 
sual compre’ ta that dn the et te G7 range, 
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Apache A0N6 0.687 
yar 3.29» 107° 
Cherokee zero 1.917 
t inate 3.42 ~ 107? 
ttakota zero 0.953 
tmax 2.89 » 107? 
Erie zero — 
tinax 4.68 x 1077 
Fiathead zero 0.561 
tins 4.08 x 1077 
Huron zero 0.888 
tmax 250» 107? 
Lacrosse zero == 
tage 4.21% 107? 
Mohawk zero 0,364 
tues 3.68 « 107? 
Navajo Zero a 
tmax 2.37 « 107? 
Tewa zero 0.788 
0.0156 sec 1.190 
0.0312 sec 0.378 
0.0488 sec 0.308 
G.6624 sec 0.196 
-2 
tmax 4.87 x 10 
Zuni zero 0. 46 
Loan 2.6. ~ 10? 
TABLE 4.7 TEMPERA AT tmax FOR \A RANGE 
O: 4,46 000 A 
Shot Temperature 
paeere tans a ee 
Apache 4,400 to 5,400 
a Cherokee 5,200 to 6,100 
Dakota 4,900 te 5,700 
trie 6,80. to $500 
Flathead 4,800 to 5,800 
Huron 6M ta 7,900 
J acrosse 4,600 to 6,400 
Mohs wk & 700 to 7,960 
Nave jo &,d00 to 6,900 
Tews: 4,000 to 4,890 
Zun- 4,800 fo §,500 
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Apache 
Cherokee 
Vakote 
Flavinesed 


Tews 
Zuni 


A a 
500 


4,97! 


Lays 
4,050 


9 


ues 


1 eet eee testes # oe teaser PML ATS tn Ae cet hl pt 9 re ae | 


4,100 
1,800 
4800 
5 


200 
5,10 
5,000 
5,80 


Canad 
thaestT 
ASL 
O.G43% 


QO OOK 
0.0405 
0.0504 
0.0807 


TABLE 4.10 COMPARISON OF MEASURED AND CALCULATED VALUES OF tray 


Bry, tm. 
Shot Wavelength eet may 


aecond arcond 
APACHE 
4,400 1.603 1.518 
4,600 1.440 1,448 
4,800 1. 409 1.398 
4,000 1.271 1.365 
meer 1.274 1328 
5, 309A 1.318 Lobe 
5,606 1.365 1,408 
800 §.259 1.420 
CHEROBREE 
4,400 1.968 2.118 
1,600 1.982 2.022 
4,06 1.484 1.969 
§,600 1.977 1.490 
6,200 1.799 1.A-48 
5,400 1.746 1.830 
5,600 1,800 1.a24 
5,800 1.Ba4 1.442 
HURON 
4,400 0.584 0.680 
4,400 0.$62 0.654 
4,800 O24 O.854 
5,000 (0.882 0.518 
5,200 G.h12 0.506 
haw Wale 601 
Sy HO) O.826 H.494 
f AO 0.419 ana 
NAV Nas 
Yoana ad ae ak) 
ian LM ZAG 
4 kon OE Ard | 
5 an bE haa 
yh ante Ea) are baa 
Sou PYkn “aa 
ra tyes Does GH 
ty HOt doy. ee ae 


Mensuread Calculated t 


Percent Errur of 


max 


: Shot Wavelength 
Calculated eo 
A 
DAKOTA 
5.3 4,400 
0.000 4.600 
0.78 4,800 
6.6 5,000 
4.0 5,200 
0.46 5,400 
42 5.600 
48 5,800 
FLATHEAD 
7.6 4,400 
2.0 4,800 
5.0 4,800 
4.6 A800 
2.7 6,200 
4.8 4,100 
1.2 5,600 
22g 5,400 
TLWA 
2 4,400 
1.4 4,400 
1.9 y Ra 
eo hyooa 
Pea Ba 
wee 6 dau 
hd 1, GI 
20 8, Ran 
ZUNT 
16 sidan 
w4 1,600 
thou 4.800 
vu h Oo 
Le ht 
1m "Ue 
44 ACS 
(3,7 ho AOU 
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tmax, 


second 


H 

1.03% 
£0230 
L.U59 
1.096 
0.434 
1.000 
0.971 


0.697 
6.631 
0.659 
O.654 


0.649 
0.586 
O.581 
0.624 


{max, 
Measured Calculated 


second 


l 
k 
1 
I 


J 
\ 
0 
1 


0 
0 
(8) 


Q 


0 


Q. 
0, 
a, 


— 


-160 
107 
068 
£045 


O12 
002 
OND 
009 


O34 
682 
“O28 
610 


596 
690 
584 
fit 


binax: 


Percent Error 
Caleculat 


aN Ria alent Ben OE Re eR a Date fa nN IY oe Ph Sue 


mney! 


Apache A,ASO 7, ERT 6,944 Td 
Cherokee 3,600 7820 4,710 SELG 
Dukoti 10Re 6,08 5,768 0.040 
Erie 1.6 Tent 1NGR 0.649 
Flathesul Hives) 4,600 OL? 9.021 
Huron 270 3,450 3597 bs 
Lacrosse 38.5 2,100 bR4o 8.440 
| Navaji 4,700 1,900 4,526 G.00% 
Tewa 5,010 10,000 8,750 O.U25 
| Zuni 3,500 4,600 #600 G.004 


TABLE 4.12 MAXIMUM FIREBALL. DIAM#ePER 23 A FOUNOTION oF YIRIS 


Listed yields w were used ine alculutions.— Late ry ictdin are siven in Tabte 2.it. 


Diamoter Diameter 

| Shot Yield Measured, Calculated. Error 

Di, 1, 

kt ft ft TRm- Pel 
Dry 
Apache 1,850 TANT 7343 O09 
Che rakes 2,600 10,165 9 GRR iT Pe tai) 
Dakota 1,080 6,169 6,180 0.G02 
Erie 15.5 1,724 1,58 0.074% 
Flathead BTA 4,065 4,406 G08 4 
Huron 270 AG t 486 (092 
Lac roshe S46 28 2 25 0.0 4 
Navajo 4,700 G,979 9 Ode YOON 
Tewit : 8.010 10,032 10,100 O.UOT 
Zuni 4,508 9,064 9 O07 0.006 
TABLE 4.23 WELSON CLOUD EFFECTS 


Listed vivid» were gaed in calculations 


oA laeaaninnn nan ee ope Ric 
, : Pheemal Maximum First Wiisen Cload  Mulelpie 
Dotonution Yield ; : Pay ; ase Time 
Frame Number Observation, FR Of fat coco me 
Viele me 
Brie th Mat sacarae _ 
Lacrasay BHM oes ~ er = — 
Haron hate sone _ 
Marhiiwh aie ate mart 7 ata 
Bb icthaual HAG whey mel) Uti a 
Virakaates Vina WT siau LN ao 
Api arhe athe ips ith Le whey 
eater aon a) tly en yt 
Wea cada NALony) VTS noo a es 
‘Prous 8 OD tats way a sth 
42g 


5 cinta Bia heist oasis tp ae Sa ts eh Mg BN tI ak Se 


ar eee ae ee me Ren SWNetg Wars av Or: QF £6,240 ty 66.7 to 


36233 Blue 4 ND! 43/2 28,250 58.5 
(76 extreme) 
36800 Red + NDi gif, 
7 9 re zZ ‘ Ad, 
38299 et Bio + NDI : wg 1/2 0.74 25,000 14.9 


(44 extreme) 


* Ar measured from the center of the fran. 


TABLE 4.15 PARTITION OF THERMAL FLUX, FRAMES 15 THROUGH 375 


* Pe ee 36233 Blue Percent “38298 Rod Dupcemt 
ponents enti nnn ne eighiness * Area of Total Brightness x Area of Total __ 
Firebatl 16 — _ 10,700 60 
46 6800) 46 45,500 ra 
of 4,300 87 43,000 43 
THe: 1,150 94 25,900 ah 
250 eed — $4,200 53 
475 —_ = 9,900 49 
Shock froth 15 — me 1,520 6.5 
4% 20 a 17,000 19 
65 156 7 16,000 20 
isa $5 6 20,200 an 
2h) oer — 43,200) 4h 
ath — — 8,900 44 
Clouds 16 — — 2,300 wg 
46 8 1, 10,000 id 
ag 200 4.5 Lit fad 2 
160 — ~hen 2,200 4 
200 ne —— 510 2 
375 — _ BRO? 5* 
fur 15 wera - 3,600 Pat 
45 ne vee 13,000 14, 
85 6b 18 11,ang 16 
180 -— ae 14,000 6 
290 — aon 1,000 4 
37h eta OG 4.6 
Total if wane setae 1T 800 —_ 
Bhs) en vee 86,000 “en 
Gh 6,000 al a0 ,000 mee 
160 1,206 sete $1,600 oe 
260 _~— omen 24,800 wee 
31h an ~ 20,400 “nan 


* AQcut tO percent of thia is scattered from the Wilion aloud. 
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Fhlretall 148,260 7 Rte a4 
Shor breth 27 BOO th $n 4. 
C Desakds VG 690 Eat AKAD 7 
Air 1a BM) 7 Re iit) Af 
‘Bestead tat fH — 7,010 te 


TADS &17 GINTERCOMPESHESON OF SEIS 48296 RED FRAMES 


sid ; “Brightness a 
= Miro seloalstaliaiet 
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Figure 4.28 Maximum brightness hist ry of fireball, Shot Dakota. 
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Figure 4.33 Speed of growth of fireball anc shock froth radii. 
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absorption sheli und shock froth, respectively. 


W095 Brightness 


166 


SECRET 


Brightness, Arbitrary Units (Linear Scale] 
3 y 


YS. Pte 
oy ~ 
~ 
re ™é 
ee " 
: . 


tae] 


. 
Airlignt 
Corrected 


60 


“0 


Aorlight 
+ Sun 
Corrected 


30 


#6}-- 


Aurhgnt Subtraction 


Horizontal Position on Photograph 


Figure 4.41 Blue fireball . -ightness contour, Shot Dakota. Contour corrected for i 
scattered light and for intrinsic limb darkening, assuming that this darkening is thie 
same as that of the sun (see text). This procedure results in an overcorrection. 
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corrections as in Figure 4.41. Again an overcorrection results (see text). 
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Chapter 5 


CONCLUSIONS AND RECOMMENDA . IONS 


5.1 CONCLUSIONS 


The large amount of data col'ected from aircraft indicates that the thermal yield can be pre- 
dicted for the devices anaiyzea, t.e., for yields ranging from 15 kt to 4.6 Mt. 


5.1.1 Thermal Exposure. Thermal measuzements indicate that the formula evolved in Ref- 
erence | in the analysis of the transfer of radiant energy from a nuclear device through the 
atmosphere may be unduly compiicated when considered from the point of view of the present 
state of the art of the meas :‘remer: of high thermal fluxes. As a comparison of Figure 4.3 
with Figure 4.5 will show, it is possible to use a simpler empirical expression for predicting 
the thermal exposure encountered by aircraft in the Pacific area. in essence, the empirical 
formula, 


Q = 1.45 (W, D*) cos ¥, 6 cos ¢ (5.1) 


is an approximate form of the more detailed formula of Reference 1 whose constant is a slowly 
varying function of the moisture content of the air, the albedo of tne underlying surface, the 
acattering by haze, the height of the bomb burst, and the velocity of the aircraft where the 
measurement ~f Q, the thermal exposure, is made. In a particular climatic region and under 
the test configurations used, it appears that Equation 5.1 adequately pre:jicts the test results. 
Additional requirements to equations of the form of Equation 5.1 will require more precise and 
consistent measurements of the thermal energy. 

In Equation 5.1, the symbols are W, ‘he weapon yield in kilotons; D, the slant range in kilo- 
meters, Q,the thermal exposure in cal/cm?; 6, the zenith angle indicated in Figure 3.1; and @, 
the angle between the normal to the detector surface and the line joining this surface with the 
center of the fireball. For a detector pointing at the firebail ¢ = 0 while for a horizontal de- 
tector ¢ = 6. The angle @ expresses the reduction in projected area of an irbitrarily criente 
receiver when exposed to the direct thermal radiation of the fireball. 

No evidence has been found in the analyzed thermal data that admits of including other factor: 
suchas weather or the albedo of the underlying surface to refine the prediction capabilities of 
Equation 5.1. The results exhibit toe much fluctuation to support a more detailed predictive 
formula. 


§.1.2 Backscattered Radiation. The : easurements of backacattered radiatic 1 tndicate that 
on the average the aircrew will suffer between '/,4, and /; oo the radiant exposure from back- 
sca iered radiation as they vould from being exposed to the direct thermal radiation. These 
measurements were made in the early morning when scattered clouds were reported. The evi- 
dence te that Equa ion 4.1 can be used to predict Qug if ¢ = 0 and 


10°? Q > Qag > 1077 Q 
§.1.3 Thermal Exposure of Air Ver@im Ground Burats. The evidence upon which the follow- 
ing Conclusions are based ie not exiensivs, being based on the airburet of Chernkee as compar ec 
with the barge shot Zun! and & »me additional information gained from Dakota. 
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surface whose albedo approaches unity. 

Conflicting evidence exists for the radiation temperature of surface bursts versus airbursts. 
It appears from the infrared filter data (0.7 to 2.5-micron wavelength) that a 3,000° k black 
body temperature used in Reference | for the surface burst and the 6,000° * black body tem- 
perature used for the airburst ,edicta the division of energy in the infrared to suitable accu- 
racy. However, this may be somewhat fortuitous because the theoretical! predictiors of Ref- 
erence | are tested in this case with broad bandpass filters whose transmission characteristics 
are somewhat dependent on wavelength (Figure 2.15). An attempt was made to arrive at the 
color temperature of Dakota, a megaton-range surface burst, by correcting for all known ab- 
sorptions in the wavelength interval over which radiation wa.: received. From this analysis, 
it appears that a surface burst may reach a temperature as high as 5,000 to 6,000° K. 

5.1.4 Spectral Distribution of Thermal Radiation. Analysis of the measurements o. the 
radiant exposure for several broad regions of the visible and near-infrared spectrum of Sho: 
Dekota leads to the following conclusion. The apectrai distributior >of energy in a megaton- 
range surface burst is not inconsistent with that to be expected from a black body radiator at 
5,000 to 6,000° K, whose thermal irradiance is modified by water vapor and carbon dioxide 
absorption in the atmosphere. Effectively, littie radiation is transmitted through long paths 
in Pacific air for wavelengths in excess of 1 micron, except in a few narrow bands particularly 
between 2.0 and 2.5 microns. 


5.1.5 General Conclusions. The radiometers and calorimeters form a consistent set of 
thermai radiation receivers. By this it is meant that the integrated radiometer data gives the 
same value of radiant exposure as that measured by the calorimeter to within the iimits of 
variability of the two types of instruments. As an alternate method of comparison, the differ- 
entiated calorimeter data agrees with the irradiance measured directly by the radiometers. 
This second method of comparison is rot as satiafactory as the first from a technical standpoint 
because of the large amount of smoothing involved. If future tests are made that require filters 
to be used on the thermal! detectors, the detectors should be radiometers instead of calorimeters. 
The filiers used during Operation Redwing were broadband types. Information concerning the 
energy received in narrower bands, such as might be derived by subtracting the energy trans- 
mitted through two filters with overlapping transmigsion bands, requires that radiometer data 
be used if the source is changing in temperature. The radiometer data is then integrated over 
the time to give the thermal exposure. When filters are used on calorimeters, he equivalent 
of the above procedure should be done. It is for this reason that radiometers are to be prefer- 
red over calorimeters when filters are used. 

The ecaling lavs in respect to time to max:imum irradiance and the shape of the power curve 
seem io be itn accord with those presented in Reference 1. 

There is no detectable difference in the time at which maximum irradiance is reached for 
the varioug regions of the visible and infrared regions of the electromagnetic spectrum ag 
selected by the various {ilters. The experiments were not designed to optimize these measure- 
ments, ard these conclusions are drawn from derived rather than primary data. However, it 
seema justified to say that to within +10 percent of the time required for the unfiltered energy 
to reach maximum irradiance, no diffeience is noticed among the filtered irradiance curves in 
respect to lmgy- Inthe case of the largest thermonuclear events, the 10 percent uncertainty 
in time is only of the order of '/,, second. These curves can be normalized in such a way that 
they show that the irradiance at longer wavelengths falls off lesa rapidly than the ir: adlance in 
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3.2 RECOMMENDATIONS 


5.2.1 Calorimetric and Radiometric Measurenmie its. Analy: .s of the data used as a basis of 
this report shows that the usefulness of the data war. limited p1 marily by the calibration pra- 
cedure. It would not be overstat ag the case to suggest that little acditional information is to 
be gained by amassing more data of a similar nature. On the other han’, tf calibration tech- 
niques and schedules for field checking can be develeved so that the calibration constants or 
each instrument for each event are known— includi::;,, detectors, [ilters, and atmosphere as 
well— it may be that more meaningful prediction equations cu. be developed from new data. 
Thia would be especially true after instrumentation has been subjected to extreme thermal 
exposures. 

ft further appears that more information can be obtained through the use of radiometers as 
the basic measuring instrument instead of calorimeters. This recommendation is made with 
the realization that Tat le 2.4 indicates that, at the present stage of development, the c iorim- 
eters are apparently more stable than the radiometers. However, from the overall system 
point of view, there does not appear to be any significant difference between radi meters and 
calorimete.s. Rate data such as given by the radiometers ia of greater theoretivai interest 
than integrated data given by the calortmeters. When necessary, the rate data can be summed 
to give radiant exposure. 

Future instrumentation engineering should include methods to eliminate the problem of de- 
tector or fliter exposure to adverse environment conditions during takeoff and low-altitude flight 
where moisture, duat, oil, fuel, and cther foreign matter apparently obscure the viewing port. 

A final comment ts made with full realizarion that other overriding considerations, such as 
the safety of personnel, may preclude the suggestion from being seriously considered. It is 
suggested that more attention be given to maximizing the information content of these experi- 
ments through positioning cf the aircraft and detectors. During Operation Redwing, it uppears 
that too often aircraft were too closely bunched in range and elevation angle even though they 
were flying at different azimuths. All indications are that the range and elevation anglt are the 
most sensitive parameters for the prediction of the radiant -wesure, ¢ xc luding of course the 
ali-important device yield. If more detailed Information is to be gained onthe modifications 
introduced by surface and cloud albedos, and the atmosphere in general, a better experimental 
configuration is necessary. 


§.2.2 Further Analysis of Photographic Data. In the recessarily limited effort of preparatio 
of this report, it has been possible to consider only those topics which, a priori, appeared to 
have the most interest. The photographic coverage, while far from cumplete {and in fact, for 
some of the devices, quite scanty), still contains ai fea! as much analyzable information about 
thermal effects as has been presented. Furthermore, the photographs contain valuable dat.) on 
the physics the growth of the detonation. Suggestions for :urther reduction of the data are 
given herein. In addition, there are presented suggestions for {he improvement of the collectior 
and anaiysis of future photogranhs of the {ype described in thts report. Particularly, it should 
be noted that the thermal effects of nuclear devices could more easily be evaluated if the details 
of the particular test detonations (special shielding, »xperimental devices, and th like) were 
released. 

Significant improvement tn tne microdensitometric aalysis would result if the slit width and 
height could be reduced to about a third their present size. Further reduction would be of little 
help because of the granularity af the emuisions. 

In general, the variation of the various thermal and physical phenomena with device yleld has 
not been treated. Only generalized discusrions of the aurecole, thermal flux partition, hotspots, 
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only. In passing, it should be mentioned that future data analysis should be more strongly 
correlated with existing theoretical and «experimental information, than was possible in the 
preparation of this report. 

Thermally important phenomena, besides being of interest i-\ the physics of the detonatisn, 
contribute neasurably to the thermal flux. The plume appears tc develop earlier for sma!i 
gurface-detonated devices. A hydrodynamical study of its development, as viewed from sev- 
eral observation argies, would be of interest. 

There exists sufficient data to uelineate further the intensity and angular distribution of the 
aureole as a function of fireball extent and surface brightness, in frames before breakaway. 
There ts also data on these aur¢cole properties as a function of angle of observation. However, 
such data exists only for Red and Polaroid phstographs. 

Asymmetry may be of considerable importance in that it may make the thermal flux az’ auth- 
angle dependent. %% would be destrable to scan all detonations to check on thia effect, which 
appears to be definitely established for Dakota (Chapter 4). 

In general, it is quite difficult and time-consuming to prepare isophot contours of the photo- 
graphic frames, and in light of the inaccuracies involved, further efforts in thia direction are 
not especially recommended. However, a consistent program of brightness comparisons would 
give important information on the albedos of islands and shock froth and especially of clouds. 
The contribution of the light scattered from clouds is, as has been indicated, a particularly 
ephemeral problem. The angular dependence o. the shock froth albedo ia as yet not understood; 
there ia evidence that the direct albedo is smaller for low-am ie observers (Section 3.2.6). 

Further work should be done on the hydrodynamics of the absorption shell and on the jimb 
darkening histories of the severai fireballs. In perticular, the scaling of surface contours is 
of tsi rest. Another program of some importance is the correlation of absorption she!! prop- 
erties with the temperature, density, and pressure profiles of Reference 29. It is not recom- 
mended that further light-abeorptton measurements be made, as the best examples of this effect 
have already been analyzed and even these give indifferent results. 

Physical effects have a direct perturbing effect on the thermal flux of less than 3 percent. 
Measurement of the tir e history of the position and brightness of the horizontal dark belt run- 

ning across the firebal: may ald in explaining this phenomenon. 
The kinematica of hot apots (bright and derk areas in Red, Blue, and Polaroid) could be de- 
rived from the photographs. Speeds, number, sgace distribution, sizes, and brightness histories 
may be compared among the several detonztions. ‘The hot spots may aid in determining how far 
into the firebs.tl the camera sees in early frames. 
| 
| 


aa ee 


The Blue fireball shows considerable surface structure, appearing lumpy or puffy. This 
pro ably has a nontriviai effect on the Blue flux. Alth ugh it would be difficult to gather mean- 
ingful quantitative data on so diffuse a phenomenon ag this, some study of it is indicated. 

Although the Red-Bilue intercomparison is made difficult by the sensitization and sensitivity 
differences of the receptors, the Polaroid pairs suffer from no such drawback. No groas dif- 
fax ences between the two polarizations apg: xred in the analysis of the Dukota pair (Chapter 4), 
which were made with cameras having errat c shutters. However, the information content of 
these photograp:.s is by no means exhausted, and a more thorough analysts of this patr and of 
the Apache pair ia defintiely indicated. 

tt shuld bo mentioned that the problem has not been approached from a viewpoint of atmos- 
pheric transmiasion. In a Qualitative sens no strong atmoopheric attenuztion differences 
among Red, Siue, and Polaroid are resoived. Nevertholess, it might ce sdvantageous to re- 


view the results presented here, and any future results, from a etandpotnt of atmospheric 
| ecutter(tng anc attenuation. 
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It was found in auxiliary experiments that the shape of the H and D curves varied with the 
filter uaed in the sensitometer. Consequently, there si:ou'd be some inaccuracies in the YW ane 
D curves because the senfitizing lamp does not maich the spectrum of the detonation. ft should 
be a relatively straightforward matter to expose auxiliary strips of fils tarough a step ‘ablet 
and correct filters, to the detonation itself. Such a procedure has been used in the experiment: 
of Reference 27. Enough exposures fur the determination of the proper development procedure 
for y = 1 can readily be made with the samo camera. 

Furthermore, standardized processing and further calii:rating procedures should be develop 
ed to enable absolute brightness measurements to be made. With known absolute brightnesses 
and intercomparable cameras, atmospheric tranamisaions can de measured. Furtheru.cre, 
observations from various angles will give information on the departure from Lambert scatter- 
ing of various surfaces. 

The surface of the detonation is sufficiently bright to allow narrower, sharper optical filters 
to be used. The spectral response of each filter should be routinely checked in the laboratory, 
before and after the test series. 

The exposures in the Redwing series were generally too iow; in no case wag film saturation 
observed, but in one or two cases (notably Dakcta Red 38234) there was a lens flare and a alo 
around each frame, presumably due to flare scattering. In particular, the Blue exposures 
were too low to show the albedo properly, especially near breakaway. Even an Increase of a 
factor 100 in some Blue series should be considered, tn spite of the burnout and Increase in 
flare light that this may engender near second thermal flux maximum. Sich expogures would 
provide data on the Blue aurecle, on the attenuation of the Blue shocked air, and on the details 
of the Blue fireball near thermal flux minimum. 

The films used are quite satisiactory, and the positions of the centers of the Red, Biue, and 
Polaroid passbands are weli chosen. More Polaroid photograplas, should be taken, especially 
with telephoto lenses, for a cleser examination of the absorption ehell, hot spots, and other fea 
tures. The shutte,-opening fluctuations of the GSAP cameras n:ust be corrected. A study of 
the falloff of apparent brightness of off-axial points would be useful. Every reasonable efiort 
should be made to reduce spurious fiare-light effects. 

Although synchronized cameras opening at, gay, 1 msec after time zero would be desirable, 
no critical questions have arisen that cannot be answered with present unsynchronized systems 
Synchrenized systems are of more importance in cameras with higher framing speeds running 

“up to time of breakaway. 

I appears that during Operation Redwing no consistent attempt was made to position the air. 
craft at uniform observation angles. There are no phenomena particular to any individual de- 
vices that are beet viewed from a preferred angle; an improved device intercomparison would 
result if standard angles were chosen. 

One viewing angle shouid be about 20° from the horizontal, to permit further measurements 
of the attenuation of the abaorption shell (such as those deecribed in § ‘ction 4.6.3). Ideally, 
islands and civuds should be behind the abeorp on shell and air ehock, to act as viewing scree! 

tt has been noted that the date faticd to give information on the scattering and atienuation of 
the atmosphere as separate from the proper thermal effects of the device. As mentioned ear- 
lier, absolute intercomparison among film series would throw light on this problem. However, 
for good results iit is necessary that the aircraft be at ranges with extremes differing by at 
least a factor of 3. During Operaiion Redwing, the ranges rarely differed by more than a fac- 
‘or of 1.5. 

Finally, there is the suggestion that the GSAP cameras photograph an aritficial light source 
of known brightness at surface zera, at say, 1 second befcre time zero. However, practical 
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Figure A.1 Shot Erie, Series 34565, Frame Zere, ked, 25 mm, B-57. 


Figure A.2 Shot Erie, Series 34565, Frame 1, Red, 25 mm, B-57. 
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Figure A.3 Shot Erie, Series 34565, Frame 2, Red, 25 mm, B-57. 


Figure A.4 8hot brie, Series 34565, Frame 3, Red, 25 mm, B-57. 
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Figure A.6 Shot Erie, Series 34665, Frame 5, Red, 25 mni, B-57. 
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Figure A.7 Shot Erie, Series 34565, Frame 8. Red. 25 mm. 5-57. 


Figure A.8 Shot Erie, Series 44548, Frame 11, Resa, 25 mr, B-57. 


Figure A.9 Shot Erie, Series 34565, Frame 14, Red, 25 mm, B-57. 


Figure A.10 Shot Erie, Series 34565, Frame 18, Red, 25 mm, B-47. 
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Figure 4.12 Shot Erie, Series 34565, 


25 mm, B-§7. 


Figure A.14 Shot Erie, Series 34565, Frame 45, Red, 25 mm, B-57. 
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Figure A.i6 Shot Lacrosse, Serie 3 31587, Frame Zero, Blue, £.1-, 25 
mm, 8--57. 
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Figure A.17 Shot Lacrosse, Series 31587, Frame Zero, Blue, f.i., 25 
mm, B-57. 
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Figure A.18 S:.. ¢ Lacrosse, Serlea 31587, Frame 1, Blue, f.i., 25 mm, 
B-57. 
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Figure A-i9% Shot Lacrosse, Series 31587, Frame 2, Blue ii., 2 
B-57. 
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Figure A.22 Shot Lacrosse, Series 31587, Frame %, Blue, f.t 
B-57. 
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Figure A.23 Shot Lacrosse, Series 31587, Frame 13, Elue, f.1., 25 mm, 
B-57. 


Figure A.24 Shot Lacrosse, Series 31587, Frame 18, Blue, f.t.. 25 mm 
B- 57. 
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Figure A.25 Shot Lacrosse, Series 31587, Frame 23, Blue, f.1., 25 mm, 
B-57. 
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Figure A.26 Shot Lacrosse, Series 31587, Frame 30, Blue, f£.1., 25 mm, 
B- 57. 
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Figure A.27 Shot Lacrosse, Series 31587, Frame 39, Blue, f.1.. 25 mr 
B-57. 


Figure A.28 shot Lacrosse, Series MiS8?, Frame 49, Blue, 4., 25 ann 
B: 57. 
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Figure A.31 Shot Huron, Series 37505, F 


Figure A.32 Shot Huron, Series 37605, Frame 23, Blue, B-87. 
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gure A.34 Shot Huron, Series 27505, Frame 46, Blue, B-57. 
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Figure A.46 Shot Huron, Series 37505, Frame ‘7, Blue, 8 84, 
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Figure A.38 Shot Huror, Series 97505, Frame 12. Blue, B-: 7. 
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Figure A.40 Shot Huron, Series 7505, Fyraie } 
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Figure A.41 Shot Huren, Series 37505, Frame 219, Blue, B~97. 
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Figure A? Shot Flathead, Garles Vous, Peano “are, Bue, G1., 24 
R47. 
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Figare 


4.121 Shot Dakota, Series 36231, Fraine 115, Blue, f.1., 17 mm, B~52. 
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Figure A.183 Shot Diukota, Series 36233, Frame Zero, Blue, i7., 
B-47. 
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Figure A.184 Shot Dakota, Series 26233, Frame 30, Blue, f.1., 10 mum, B~47. 


Figure A.1S5 Shot Dakota, Series 36233, Frame 45, Blue, f.1., 10 mm, B-47. 


Figure A.786 Shot Daketa, Series 36234. Frame S0, Biue, £-1., 10 mm, B-47. 
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Figure A.187 Shot Dakota, Serie: 36233, Frame 65, Blue, f.1., 10 mim, B- 47. 
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Figure 4,188 Shot Dukota, Serlea 36233, PFreeme 90, Blue, £1., 10 mm, AB-47, 
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Figure A.189 Shot Dakota, Serles 36233, Frame 115, Blue, f.1., 19 mm, B-47. 
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Figure A.190 Shot Dak sta, Series 36233, Frame 150, Blue, £3.. 10 mm, B-47. 
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Figure A.191 Shot Dakota, Series 36233, Frame 250, Blue, £1., 10 mm, B-47 
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Figure A192 Shot Dakota, Series 36236, Frame or 0, Red, £1., 10 mm, 
PR- 47. 
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Eigare A.198 Sho Dakota, Serles 36236, Frome 115, Red, f1., 106 nam, B-4%. 
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Figure A.201 Shot Dakota, Series 36236, Frame 250, Red, f£.1., 10 mm, B-47 
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Figure A.202 Shot Dakot>.. Series 36236, Frame 325, Red, f.1., 10 min, B-47. 
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Figure A.204 Shot Dakota, 
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Series 36236, Frame 425, Red, £1., 
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Figure A.205 Shot Dakota, Series 36241, Frame 35, Blue, f.1., 17 mm, B-66. 
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Figure A.208 Shot Dakota, Serica 36241, Frame 45, Blue, £.1., 17 mm, B-66. 
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Figure A.207 Shot Dakota, Series 36241, Frame 65, Blue, f.l., 17 mm, B-66 
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Figure A.208 Shot Dabotu, Seriea 26241, Fracae 100, Blue, f.1., 17 mm, B se 
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figure A209 Shot Dakota, Series 36241, i came 150, Blue, £1., 17 mm, B-66. 
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Figure A.2to ahet Dakota, Sertes teddb, Frame 250, Niue foo bp ainm, Boe. 
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Figure A.211 Shot Dakota, Series 36241, Frame 359, Blue, f.1., 
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Figure A.2t2 Shot Dakota, Series $6242, Frame Zero, Hed, £1 


.f., 17 min, B- 66 


Figur A.214 Shot Dakota, Series 36242, Frame 30, Hed, f.f., 17 mm, B-66. 
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Figure A.215 Shot Dakota, Series 36242, Frannie 45, Red, f.1., 17 mm, B-66. 
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Figure A.Z16 Shot Dakota, Series 36249, Fras: 
17 mm, 8- 96. 
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Figure A.21G Shot Dakota, Serles 36249, Frame 34, Polaroid @, f.1., 17 mm, 
B-6F. 
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Figure A220 Shot Dakota, Sertea 36249, Frame 44, Polaroid ¢, ft... 1% rom, 
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Figure A.2?! Shot Dakota, Series 36249, Frame 64, Polaroid 8, f£.1., 15 mm, 
B-66. 
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Figure A.s2 Shot Dakota, Seriga 36269, Frame ©, Polaroid 9, £4... 1% mm, 
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Figure A.223 Shoi ccukote, Serles 36249, Freune 199, Polaroid 0, £.1., 17 n 
B-66. 


Figure A.224 Shot Dakota, Series 30250, Fran Zero, Polarotd m, tle, 17 


mim, B-66, 
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Figure A.“ Shot Dakota, Series 16250, Frame 4, Polaroid ¢, f.1., 17 mm, 
B-6. 


22 3 36250, Frame 9, Polaroid ¢. P-1., 7 min, 
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Figure A.227 Shot Dakota, Series 36250, Frame 16, Polaroid -f, f.1., 17 mm, 
B-66. 
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Figure A.228 Shot Dakows, Series 36250, Frame 24, Polaroid dt, El., 1? mm, 

B66. 
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Figure A.229 Shot Dakota, Series 36250, Frame 39, Polaroid ¢, f.1., 17 mm, 
B-66. 


Figure A.230 Shot Dekota, Series 362°0, Frame 64, Polaroid , f.1., 17 mm, 
B 66. 
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Figure A.231 Shot Dakota, Series 36250, Frame 89, Polaroid 
B-66. 


o. fb. 1 min. 


Figuse A.232 Shot Dakota, Series 36250, Frame 114, Polaroid #, ft... 17 mm, 
B- 66. 
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Figure A.233 Shot Dakota, Series 36299, Frame Zcro, Blue, f.}., 17 mm, 
B-57. 
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Figure A.234 Shot Dakota, Series 26299, Frame !, Blue, f.1., 17 mm, B-57. 


294 


SECRET 


B ~O7. 


i pam, 


, 17 mm, B 5 


aronaneeane 
ak” eee 


+ 4 a a ea SLAP EE POE AA TT GA 
eli 


iy 


a | 


) 
SES REY 


“SaeeSre" 
* ee ye 


Figure A.235 Shot Dakotu, Series 36299, Frame 20, Biue, 1.1. 
Figure A.236 Slot Dakota, Series 36299, Fame 30, Blue, f.1., 
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Figure A.237 Shot Dakota, Serles 36299, Urame 40) Hive ¢ ; 


eries 3628 « vrame 50, Blue, f.°.. 17 mn. 3-97. 


Mgure A.23R Shs ons 


figure: A.239 Shot Dakota, Series 36299, Frame 60, Piue, f.l., 17 mm, B-57. 


Figure A.240 Shot Dakota, Series 36209, Frame 63, Blue, fd., §% mun, B57, 
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Figure A.241 Shot Daketa, Series 36209, Frame 65, Blue, fel. ft nen, is: 
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Bigure ASE Shot Dakota, Serles d6u0, Frauine Wa, Blue, hY., iy mon, B97. 
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Figure A.243 Shot Dakota, Series 36299, Frame 80, Blue, f.L., 17 mm, B-57. 
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Bipure ASE Shot Dakota, Series G20, Mrayae OO Bae, ft. §¥ aaa, BOS. 
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Fiyure A.245 Shot Dakota, Series O°s99, Frame 115, Jilue, f.1., 17 mm, B-57. 
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Pigore A246 Shot Di otk, Serhow 16298, Fraime: 130, Bluo, fai., 27 mm, Bet, 
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Figure A.248 Shot Dakcia, Series 36299, Frame 170, Blue, f.1., UV tam, B57. 
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Figure A.250 Shot Dakota, & ries 36299, Frame 225, Blue, 
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f.1., 17 mm, B-57. 


f.1., 1? yim, B-67. 
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Figure A.252 Shot Dakota, Series 36300, Frame Zero, Red, £.1., 17 mm, B-! 
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Figure A.254 Shot Dakota, Series 36300, Frame 67, Red, £1., '7 mim, B-57. 
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Figure A.coo Shot Dakota, Series 36300, Frame 87, Red, f.t., (7 mm, B57. 
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Defense Threat Reduction Agency 


45045 Aviation Drive 
Dulles, VA 20166-7517 


October bl. 2000 


MEMORANDUM TO THE DEFENSE TECHNICAL INFORMATION CENTER 
ATTN: OCQ 


SUBJECT: DOCUMENT UPDATES 


The Defense Threat Reduction Agency Security Office has perforined a classification review of 
the following two documents. The documents classification has been changed and the distribution 
statements added to read as stated below: 


WT-1333. AD-361768. UNCLASSIFIED. STATEMENT A, Operational Redwing, Project 5.7, 
Thermal Flux and Albedo Measurements from Aircrutt. 


WT-1334, AD-339910, UNCLASSIFIED. STATEMENT A. Operation Redwing, Project 5.8, 
Evaluation of the A3DI Aircraft for Special Weapons Delivery Capability. 


If you have any questions, please call me at 703-325-1034. 


ARDITH JARRETT 
Chief. Technical Resource Center 


